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Traditional hypergolic propellant combinations, such as those used on the space 
shuttle orbital maneuvering system first flown in 1981, feature hydrazine based fuels and 
nitrogen tetroxide (NTO) based oxidizers. Despite the long history of hypergolic propellant 
implementation, the processes that govern hypergolic ignition are not well understood. In 
order to achieve ignition, condensed phase fuel and oxidizer must undergo simultaneous 
physical mixing and chemical reaction. This process generates heat, intermediate 
condensed phase species, and gas phase species, which then may continue to react and 
generate more heat until ignition is achieved. The process is not well understood because 
condensed and gas phase reactions occur rapidly, typically in less than 200 μs, on much 
faster timescales than traditional diagnostic methods can observe. A detailed understanding 
of even the gas phase chemistry is lacking, but is critical for model development. 
Initial research has provided confidence that a study of condensed phase hypergolic 
reactions is useful and possible. Results obtained using an impinging jet apparatus have 
shown a critical residence time of 0.3 ms is required for the reaction between 
monomethylhydrazine (MMH) and red fuming nitric acid (RFNA, ~85% HNO3 + 15% 
N2O4) to achieve conditions favorable for ignition. This critical residence time spans the 
xxi 
 
time required for liquid phase reactions to occur at the fuel/oxidizer interface and can give 
some insight into the reaction rates for this propellant combination. Experiments performed 
in a forced mixing constant volume reactor have demonstrated that the chamber 
pressurization rate for MMH/RFNA can be significantly reduced by diluting the MMH 
with deionized water. This result indicates that propellant dilution can slow the chemical 
reaction rates to occur over observable time scales 
The research described in this document consists of two efforts that contribute 
knowledge to the propulsion community regarding the hypergolic liquid propellant 
combination of MMH and RFNA or pure nitric acid. The first and most important effort 
focuses on furthering the understanding of condensed phase reactions between MMH and 
nitric acid. To accomplish this goal diluted MMH and nitric acid were studied in a Fourier 
transform infrared spectrometer. By tracking the generation or destruction of specific 
chemical species in the reacting fluid we can measure the reaction progress as a function 
of reactant concentration and temperature. This work provides the propulsion community 
with a quantitative global condensed phase reaction rate equation for MMH/nitric acid. The 
second effort focuses on improving understanding the recently proposed gas phase 
hypergolic reaction mechanisms using a streak camera based ultraviolet and visible 
spectrometer. The time resolution on the streak camera system allows for detailed 
investigation of the pre-ignition and early stage gas phase species present during the 




CHAPTER 1. INTRODUCTION 
1.1 Motivation 
Hypergolic propellants are fuel and oxidizer combinations that ignite on contact 
without an external ignition source. The ignition is not instantaneous; an ignition delay 
exists consisting of a physical delay time (mixing, diffusion, etc.) and a chemical delay 
time [1]. In addition to eliminating the need for an external ignition source, storability, 
system simplicity and relatively high performance are the primary benefits of fielded 
hypergolic propellants. The current state of the art hypergolic propellants deliver 
performance higher than conventional solid rocket motor systems but lower than cryogenic 
liquid propellants. Unfortunately, traditional hypergolic propellants are quite toxic and 
require careful handling. 
The most commonly used hypergolic propellant combinations are hydrazine based 
fuels paired with nitrogen tetroxide based oxidizers [2-8]. These combinations offer higher 
performance than other hypergolic propellants and have been used in a variety of fielded 
systems including the Minuteman, Peacekeeper and various satellite systems [9]. Until its 
retirement, the space shuttle orbital maneuvering system used the combination of 
monomethylhydrazine (MMH) and nitrogen tetroxide (NTO) [9, 10]. While NTO is very 
reactive and provides high performance, its high vapor pressure causes handling issues. An 
alternative to the MMH/NTO propellant combination uses red fuming nitric acid (RFNA) 
2 
 
or inhibited red fuming nitric acid (IRFNA) as oxidizer. These oxidizers still feature 
dissolved NTO but are liquid at room temperature making handling less problematic. The 
MMH/RFNA system provides short and repeatable ignition delays though researchers have 
observed delayed ignition compared to hydrazine/NTO or no ignition under certain 
conditions [11, 12]. The toxicity of these “traditional” hypergolic propellants is the main 
challenge associated with their implementation.  
There has been a strong desire to identify less toxic alternative hypergolic 
propellants that can match or exceed the performance of traditional hypergolic propellants. 
Identification of these alternatives is hampered by a lack of understanding of the chemical 
reactions occurring during traditional hypergolic ignition despite half of a century of use 
on fielded systems. Researchers including Wang et al., Liu et al., Anderson et al., and 
Labbe et al. have recently made significant progress toward understanding the gas phase 
chemistry of traditional hypergolic propellants. 
Despite its critical relevance to the global ignition process, the understanding of 
condensed phase hypergolic reactions is still in its infancy [13-17]. Starting in 2009, 
researchers have made some initial progress in understanding these reactions in small scale 
experiments through measurement of gas phase species. The challenges associated with 
understanding liquid hypergolic propellant reaction rates stem from their large magnitude 
(short duration) and difficulty in making quantitative measurements in a condensed phase. 
Forness et al. reported delays between first contact and gas production as low as 20 μs for 
a drop on pool experiment with MMH and RFNA [12]. It is expected that the liquid phase 
reaction pathways will follow a series of neutralization and oxidation reactions as described 
by Wang et al. [14], but that is not understood in detail. 
3 
 
The major challenge is that the traditional hypergolic propellant experiments such 
as droplet or impinging jet experiments are hampered by relatively slow mixing times 
compared to the chemical reaction times of the fluids. In these experiments, the chemical 
rates are directly coupled with the mixing rates making the results specific to the apparatus 
that was used. An alternative method of investigation is needed to decouple these processes 
to overcome this issue. To accomplish this goal the mixing time can be shortened or the 
reaction time can be lengthened. Both of those methods were investigated during this 
research effort. 
The chemical reactions occurring during hypergolic propellant ignition are 
responsible for converting two liquids at room temperature into a gas phase mixture at 
more than 2000 K in just a few milliseconds as shown in Figure 1.1. The solid and dashed 
temperature traces are examples of the potential trend that the temperature may follow. The 
condensed phase reactions are suspected to be complete in 20-200 μs based on experiments 
performed by Forness et al. [12]. These condensed phase reactions are responsible for 
raising the temperature to approximately the boiling point of the liquids. This temperature 




Figure 1.1. Temperature and time relationship for the three stages of the hypergolic 
propellant ignition process. 
The subsequent mixed (gas/condensed) phase reactions increase the mixture 
temperature to a point where the gas phase kinetics can take over. Computational 
investigations by Sardeshmukh et al. have shown this intermediate temperature to be 
approximately 650 K [18, 19]. The Army Research Lab has recently made progress on the 
gas phase chemistry with the help of a number of universities under a Multi-University 
Research Initiative (MURI) grant [15, 16]. However, the major unknown in the ignition 
process is still the condensed phase reactions. The time scales for the entire ignition process 
are short at around 2-3 ms, but the condensed phase is complete an order of magnitude 
faster making experimental investigation challenging. 
1.2 Research Objective 
The proposed research objectives consist of two efforts that will contribute the 
understanding of the hypergolic liquid propellant combination of MMH and RFNA. The 
first and most important effort focuses on furthering the understanding of condensed phase 
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hypergolic propellant reactions through evaluation of a global condensed phase rate law 
for MMH and RFNA. To accomplish this goal, infrared spectroscopic techniques were 
applied to the reaction between diluted MMH and nitric acid. Spectral feature recognition 
and tracking allowed for evaluation of quantitative reaction rates and measurement of the 
kinetic parameter for the condensed phase reaction. The second effort focuses on validating 
or invalidating recently proposed gas phase hypergolic reaction mechanisms. Advanced 
spectroscopic techniques are incorporated into tradition hypergolic drop test experiments 
to accomplish this goal. Details of these efforts are included in the following sections along 
with a description of the previous research that has motivated and supported the proposed 
effort. Results from this effort are expected to expand a knowledge base that has been 
essentially stagnant for the past 40 years and provide a methodology for future detailed 




CHAPTER 2. BACKGROUND 
2.1 Hypergolic Propellant History 
As described by Clark, hypergolic propellants were initially developed in Germany 
in the 1930s and 1940s [20]. Initial work focused on hydrogen peroxide as the oxidizer 
with either pure hydrazine hydrate or blends of hydrazine hydrate, methanol and water (C-
Stoff). Two German scientists, Helmut Philip von Zborowski and Heinz Mueller, 
pioneered the use of concentrated nitric acid as an alternative oxidizer with methanol based 
fuels. They later discovered that concentrated nitric acid was hypergolic with certain fuels 
providing the basis for the current state of the art hypergolic propellants.  
In the early stages of hypergolic propellant research German scientists investigated 
various amine fuels. Mixtures of 57% xylidine and 43% triethylamine (R-stoff) was found 
to be hypergolic with nitric acid and used in the Taifun missile [9, 20]. Mixtures of xylidene 
and gasoline were investigated by the U.S. Army and eventually hydrazine was added to 
these mixtures to improve stability [9]. Interestingly, according to Forbes et al., “Captured 
stocks of World War II hydrazine hydrate opened a new era of propellant research in the 
United States [9].” After the initial study of hydrazine hydrate and anhydrous hydrazine, 
the U.S. Navy and Air Force worked to investigate unsymmetrical dimethylhydrazine 
(UDMH) and MMH. The initial application for UDMH was as a JP-4 additive in the Nike 
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Ajax and a similar blend was used in the Bomarc [9]. Continued development led to 
selection of MMH as the preferred storable fuel due to availability and performance [21]. 
Traditional storable hypergolic propellant oxidizers include oxides of nitrogen and 
concentrated nitric acid. Nitrogen tetroxide (N2O4, NTO) was first used on the Titan II 
intercontinental ballistic missile and was later used in the Space Shuttle reaction control 
system (RCS) [9]. Various forms of nitric acid have been studied as hypergolic oxidizers. 
Initially 100% nitric acid (WFNA) was an area of interest but preventing water absorption 
proved to be challenging. To improve stability, small percentages of NO2 were and 
eventually hydrofluoric acid were added to the nitric acid generating red fuming nitric acid 
(RFNA). Researchers also observed that by adding a hydrofluoric acid to the RFNA they 
could inhibit corrosion resulting in inhibited RFNA (iRNFA) [9]. 
The first formal experiments on hypergolic propellant ignition made use of a variety 
of drop test devices. These systems ranged from simple eyedropper and beaker type setups 
to more complicated combustion chamber type apparatuses. The initial results that were 
generated by these systems rarely agreed as reported by Clark [20]. Each system had its 
inherent mixing efficiency that directly influenced the reported ignition delays. In addition 
the definition of the ignition event varied between apparatuses and researchers. Despite the 
reported differences in ignition delay, the majority of researchers were able to agree on 
some promising fuel candidates hypergolic with concentrated nitric acid including 
hydrazine and monomethylhydrazine [20]. 
2.2 Hypergolic Ignition Process 
A good description of the ignition process is presented by Hurlbert et al., 
“hypergolic ignition relies on exothermic low-temperature liquid-vapor chemical reactions 
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to initiate combustion throughout the chamber [21].” The processes leading up to gas phase 
species being present in the chamber are critical to fully understanding the ignition process. 
According to Glassman et al., ignition is not a purely chemical process, instead thermal 
considerations play a large part in condensed phase ignition [22]. The condensed phase 
must react and vaporize to generate gas phase species in the chamber. At that point the 
exothermic gas phase reactions are able to accelerate the chemical reaction rates and after 
a short delay thermal runaway and ignition occur [21, 23].  
Hurlbert et al. provide a detailed summary of the individual phases that occur 
during hypergolic propellant ignition in a vacuum chamber. These phases are summarized 
here for application to the understanding gained in the present work. The ignition transient 
is separated into three phases: pre-ignition, thermal ignition, and transient combustion [21].  
The pre-ignition phase occurs when the chamber and feed system are still cool and 
empty. Once flow is initiated through the feed system the propellants begin to expand 
rapidly toward the chamber at vacuum conditions. The propellants cool due to expansion 
and initial chemical reactions occur and pre-ignition products form on the chamber walls. 
Accumulation of these products may be partially to blame for the hard start phenomenon 
during the ignition process [21]. This process is less likely to occur at atmospheric pressure 
conditions but still may play a role in the atmospheric or even elevated pressure ignition 
transient. Experiments by Mayer et al. and Saad et al. indicate that MMH reacting with 
NTO at vacuum conditions generates MMH-nitrate (CH3N2H3·HNO3) as well as 
methylnitrosamine (CH3N2HO) [24, 25]. Mayer at al studied the reactions between NO2 
and MMH since NTO dissociates into NO2 at engine conditions. A yellow fog was 
observed during the pre-ignition process and was determined to contain monomethyl 
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nitroamide (CH3N2HO2) which formed residues containing MMH nitrate salts. The results 
from their work indicated that MMH reacts with NO2 to generate water vapor (Eq. 2.1) 
which then can react with addition NO2 to generate nitric acid (Eq. 2.2). The nitric acid and 
additional MMH then react to form the MMH nitrates observed (Eq. 2.3) [24]. 
 CH3N2H3+2NO2→3H2O+2N2+CO 2.1 
 H2O +3NO2→3HNO3+NO 2.2 
 HNO3+CH3N2H3→CH3N2H3·HNO3 2.3 
The pre-ignition process is expected to include formation of a number of different 
intermediates depending on the experimental conditions. Nadig et al. speculated that the 
pre-ignition process involves low activation energies and is likely a thermal mechanism 
rather than a chain branching mechanism [26]. This would indicate that the pre-ignition 
process of MMH with NTO is exponentially dependent on temperature [21]. 
According to Hurlbert et al., the second step in the ignition process is thermal 
ignition during which a sharp rise in chamber pressure is observed. This portion of the 
process is defined by traditional combustion texts as “when a reactive mixture is formed, 
raised to a definite temperature and pressure, and then left alone, it may burst into flames 
after a certain time [27].” This definition actually defines the entire hypergolic ignition 
process since the propellants typically do not require any pre-conditioning to achieve 
thermal ignition. The ignition limits of gas phase MMH/NTO have been studied by a 
number of researchers and the major conclusion has been that the process is thermal rather 
than chain branching [21, 23, 28]. This finding is in agreement with the results from the 
studies on pre-ignition reactions and emphasizes the importance of heating rates in the 
hypergolic ignition process. 
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The final stage of hypergolic ignition presented by Hurlbert et al. is the combustion 
transient that occurs between the initial ignition event and full sustained combustion [21]. 
In this stage the injected propellant streams become more consistent as the chamber 
pressure reaches steady state. As the injection becomes more consistent a more diverse set 
of burning regimes are present in the chamber. The impinging streams may be combusting 
near the impingement point, burning droplets are throughout the chamber, and combustion 
is also occurring near the chamber walls. Hypergolic propellant droplet burning can have 
a number of regimes as reported by Allison et al. and Eberstein et al. among others [29, 
30].  
Similar to the conceptual work reported by Hurlbert et al., Seamans et al. 
developed a model of hypergolic ignition in vacuum conditions [31]. The model focused 
on N2O4 reacting with MMH or UDMH. The purpose of this model was to predict the 
ignition delay times when injecting liquid propellants at vacuum conditions. The authors 
report that the primary mechanism for the ignition process with these propellants is gas 
phase citing a publication by Liu et al. (Ref. [13]). Since the authors are assuming that gas 
phase reactions are dominant the propellant vaporization is the primary mechanism 
selected to influence chamber pressurization [31]. Once the propellants are injected and 
vaporized the gas phase kinetics can start to generate heat and feed back to the vaporization 
rate of the incoming propellant. This model is potentially accurate for space ambient 
engines where vaporization is very rapid during initial injection but even under those 
conditions some large liquid droplets will exist and chemically react rather than vaporize. 
The model will further break down when the ambient pressure is increased. Improved 
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understanding of liquid phase kinetics is the key to overcoming the downfall of models 
such as the one proposed by Seamans et al. in Refs [32] and [31]. 
2.3 Traditional Experimental Methods 
2.3.1 Drop Test Experiments 
Hypergolic propellant drop test experiments have been performed previously by a 
number of researchers [33-37]. Thorough discussion of previous drop test apparatuses is 
presented by Pourpoint in Ref. [36] and Forness in Ref. [12]. In this work the apparatus 
used by Hampton, Mays, Farmer, Frisby, and Smith et al. is summarized because of the 
direct applicability of the measured results [38-42]. The apparatus was developed over 
almost ten years and is a drop on pool style system instrumented with laser based 
diagnostics [42]. The system can facilitate visible and near infrared Raman spectroscopy 
and is shown in Figure 2.1. 
 
Figure 2.1. Laser diagnostic system developed in Refs. [38-42] and used by Farmer et al. 
to investigate chemical delay time [39]. 
A Gaussian laser source is aligned with the top of the combustor which corresponds 
to the surface of the oxidizer pool. A phototransistor measures the Gaussian laser beam 
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intensity through a pinhole. To perform a test, a known quantity of oxidizer is placed in the 
combustor and a fuel droplet is discharged which falls into the oxidizer pool. As the fuel 
droplet falls in interrupts the Gaussian laser beam and the phototransistor signal drops. The 
signal drops again once the initial reactions proceed far enough to generate products which 
are expelled above the oxidizer pool. The location of the first phototransistor as well as the 
orientation of the fuel and oxidizer is shown in Figure 2.2. 
 
Figure 2.2. Drop test apparatus and diagnostics used by Farmer et al. to investigate 
chemical delay time [39]. 
A second phototransistor monitors for light output indicating ignition. A digital 
oscilloscope records the signals from the phototransistors and data analysis provides the 
time between contact and initial gas production as well as ignition [38-42]. The 
spectroscopic techniques discussed by all of the authors were never successfully 
implemented. According to Smith et al. the Optical Multi-Channel Analyzers (OMAs) 
required a minimum exposure time which was longer than the time scales of interest. This 
long exposure time caused the sensors to be saturated by the bulk emission from 
combustion [38]. 
Despite the difficulties encountered with the spectroscopic measurements, several 
key results that Frisby et al. and Smith et al. obtained have great relevance to the current 
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work. Reactions between MMH and RFNA were studied over a range of temperatures and 
the chemical delay time (CDT) was measured allowing for calculation of the kinetic 
parameters for the initial gas phase reactions [38, 41]. The authors used the laser diagnostic 
system described previously to measure the time between propellant contact and gas 
production and the subsequent delay before ignition. A chemical delay time was measured 
for RFNA reacting with MMH, UDMH, and Anhydrous Hydrazine. Results for a typical 
MMH/RFNA experiment are shown in Figure 2.3. The time between the labeled points A 
and B corresponds to the oxidizer droplet falling through the laser beam just above the fuel 
surface. The time between B and C is the liquid reaction time (LRT) during which no 
products are obstructing the laser beam. The LRT corresponds to the time required for 
liquid phase reactions to occur and generate heat as well as condensed phase intermediate 
species. At point C the mixture starts to decompose and evolve gas phase products until 
point D where a second phototransistor senses light output attributed to ignition. The CDT 
value is measured as the time between point C and point D and corresponds to the time 
required for the initial gas products to undergo reaction and increase the temperature to the 





Figure 2.3. Example CDT measurement from Smith et al. for a MMH/RFNA 
reaction [38]. 
The LRT identified by Smith et al. is of the most importance to the current research 
effort but unfortunately results were not published for MMH/RFNA. Results for 
hydrazine/RFNA were included and provide some insight into the comparative rates of the 
condensed and gas phase reactions [38]. The LRT appears to follow an Arrhenius style rate 
law as shown in Figure 2.4. The calculated frequency factor, activation energy, and mixture 
ratio exponent for the equation,  
  2.4 
are included in Table 2.1. Similar measurements for the MMH/RFNA system would be 




Figure 2.4. Liquid reaction time measurements for hydrazine/RFNA from 
Smith et al. [38]. 
Table 2.1. Constants for Arrhenius type LRT model of hydrazne/RFNA [38]. 
 
Equation Constant Value 
A 3.80x10-6 μs 
 -4.51x104 J/mol 
M -0.5 
 
Forness et al. performed experiments with MMH droplets impacting a small pool 
of RFNA over a range of velocities [33]. The results indicate that impact parameter and 
Weber number play a major role in the overall reaction between the propellants. As a 
secondary investigation, the authors performed experiments to measure the time delay 
between MMH/RFNA contact and initial gas production using high speed imaging 
(75,000+ fps). The authors also took measurements with inert liquids (water) to 
differentiate between the effect of fluid dynamics and the effect of chemical reaction. The 
comparison of these two measurements is shown in Figure 2.5. The results indicated that 
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the time between contact and gas production was 160±50 μs for the MMH/RFNA reaction. 
The inert liquids did not show any satellite droplets or vapors during the same time scale 
after contact indicating that chemical reactions were the cause of the observed gases.  
 
Figure 2.5. Comparison of MMH/RFNA (left) and inert liquid (right) experiments 
performed by Forness et al. to investigate condensed phase reaction rates [33] 
2.3.2 Impinging Jet Experiments 
A slightly more complicated apparatus that is commonly used to study hypergolic 
propellants is the single element impingent jet (IJ) type injector. Thorough reviews of the 
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history of hypergolic propellant research on IJ systems has been presented by Pourpoint in 
Ref. [43] and James in Ref. [44].  
Lawver et al. investigated cases of reactive stream separation (RSS) and popping 
for the propellant combination of hydrazine and nitrogen tetroxide (NTO) [5, 6]. Their 
results indicate that reactive stream separation occurs when the residence time, , is 
greater than the ignition delay, . The residence time is the time during which the two 
propellant streams are undergoing forced mixing in the impingement region. These 
parameters are illustrated for the unlike doublet impinging jet configuration in Figure 2.6. 
 
Figure 2.6. Early stage, well mixed and reactive stream separation cases adapted from 
Lawver et al. [6]. 
In the present work, the residence time is calculated from, 
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 , 2.5 
where  is the jet diameter,  is the jet velocity and  is the included angle in the 
impinging jet (IJ) apparatus, 60° in this case. According to Lawver et al., hydrazine and 
NTO mix and atomize prior to ignition if the ignition delay is longer than the residence 
time. If the residence time is longer than the ignition delay then the vigorous gas production 
forces the fuel and oxidizer apart below the mixing region and RSS occurs [6]. Lawver et al. 
also describe an intermediate case termed popping, where the fuel and oxidizer come into 
contact, blow apart and then come back into contact indicating the rapid reaction rates 
involved with hypergolic propellants. 
Kushida et al. also investigated the hydrazine/NTO propellant combination and 
were able to identify some temperature and pressure dependent criteria for RSS [7]. 
Campbell et al. visualized the RSS phenomena clearly and showed that the frequency and 
extent of separation are dependent on the injection conditions [45]. In addition, the 
propellant physical and chemical properties play major roles in defining the limits between 
mixing, popping and RSS conditions. In this study, we include preliminary results relating 
to the RSS threshold for MMH/RFNA for comparison with the hydrazine/NTO data 
presented by Lawver et al. 
Previous research performed by Kubal et al. investigated the ignition of 
MMH/RFNA in the same IJ apparatus used in this study [11]. Their configuration included 
fuel and oxidizer orifice diameters of 0.43 mm and 0.64 mm respectively. Experiments 
were performed with total propellant mass flow rates ranging from 3-18 g/s and no ignition 
was observed at any condition. The observed lack of ignition motivated part of the current 
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work and led to the identification of conditions that provide reliable MMH/RFNA ignition 
in the IJ apparatus.  
2.3.3 Forced Mixing Experiments 
A series of researchers in the 1950s and 1960s developed a small-scale bomb 
reactor capable of these rapid mixing conditions but were held back by the technology 
available at the time [46-50]. In addition, the rapid reaction rates of hypergolic propellants 
hinder complete mixing prior to reaction since reaction times can be faster than mixing 
times. A modern version of the early reactors that were built may shed light on especially 
the liquid phase reactions occurring. 
The concept of a bomb reactor for hypergolic propellants has been around since the 
1950’s. McKinney et al. investigated fast reactions that were known to evolve gases such 
as the reaction of sodium-potassium alloy with water or ethanol using the reactor shown in 
Figure 2.7 [47]. One reactant was injected in excess with uncoupled pistons of different 
diameters and the pressure rise was observed. By assuming a first order reaction a simple 
reaction rate equation can be adopted, 
 , 2.6 
where  is the equilibrium pressure of the reaction and  is the pressure at a specific time, 
. McKinney et al. attempted to determine a rate constant (1/s) from the chamber pressure 
time history. The reported a rate constant of 163 1/s for sodium-potassium/ethanol varied 
by ±15% which the authors attributed to uncontrolled temperature fluctuations of the 




Figure 2.7. Apparatus used by McKinney et al. for the investigation of rapidly mixed 
liquid reactants [47]. 
Kilpatrick et al. extended the work of McKinney et al. with a modified reactor 
design shown in Figure 2.8a [46]. The two reactant pistons were coupled and experiments 
were performed with more closely matched volumes of the two reactants. A two stage 
pressure rise, shown in Figure 2.8b, was observed by both researchers when testing with 
sodium-potassium alloy and water. The reaction between sodium-potassium alloy and 
water was reported to liberate hydrogen as fast as the mixing time. The authors concluded 
that excess hydrogen in the chamber was able to react with the oxygen in the initial air 
atmosphere resulting in the second pressure rise. The calculated equilibrium hydrogen 






Figure 2.8. a) Improved reactor design of Kilpatrick et al., b) Two stage pressure rise 
reported by both McKinney and Kilpatrick for the reaction of sodium-potassium alloy 
with water [46, 48]. 
The work of Kilpatrick et al. included the first reported experiments with traditional 
hypergolic propellants. Experiments were performed with hydrazine and nitric acid at 
various ratios and propellant quantities. Experimental results were recreated from the 
original document for an experiment reacting 0.74 ml of hydrazine and 1.11 ml of white 
fuming nitric acid and are shown in Figure 2.9 [48]. The measured injection time for the 
propellants ranged from 5-9 ms and observed chamber pressures were 450-750 psia 
depending on propellant quantity. 
Kilpatrick et al. also investigated temperature conditioning of the propellants over 
a 70°C range but no appreciable change in reaction rate was observed. The lack of change 
in reaction rate may be explained by mixing dominated processes as described by 
Spengler et al. for his results in an impinging jet type device [51]. Contrary to the work of 
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Spengler et al., Gunn et al. and Frolik did observe a change in ignition delay when 
temperature conditioning propellants in drop on cup experiments [35, 52].  
 
Figure 2.9. Chamber pressure reported by Kilpatrick et al. for the reaction of hydrazine 
with nitric acid [46]. 
Schalla et al. investigated the propellant combination of triethylamine and WFNA 
in a similar apparatus to that used by McKinney et al. and Kilpatrick et al. [49] The effect 
of bomb volume on ignition delay was investigated and it was found that a reduction in 
bomb volume from 430 to 61 ml decreased the ignition delay by approximately 90%. They 
reported that ignition was suppressed when the injection was into an inert atmosphere 
indicating that the oxygen present in the initial gas environment affected the reaction and 
were able to observe this through testing with an optically accessible chamber. 
With some modifications, Somogyi et al. used the same system as Schalla et al. to 
investigate the liquid phase heat release rates of hydrazine and unsymmetrical 
dimethylhydrazine (UDMH) with nitric acid [50]. The reactants were rapidly injected and 
then entered a quenching medium, water in this case, in an attempt to focus on only the 
liquid phase heat release. With a known reactant mass, specific heat for the quenching fluid, 
and a temperature profile extrapolated back to time zero, the total heat release was 
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calculated. The reaction between hydrogen chloride and sodium hydroxide was used for 
calibration of the temperature rise and heat release for the apparatus. The heat release rate 
for a variety of conditions was calculated and the results are shown in Figure 2.10. The 
plateau in the heat release rate at 1000 psig driving pressure was explained as a mixing 
influenced effect. The authors concluded that at piston driving pressures higher than 1000 
psig (injection velocities higher than 140 ft/s), the mixing is thorough enough that the heat 
generated by the liquid reactions can no longer dissipate to the unreacted propellant. The 
heat therefore causes propellant vaporization and gas phase reactions begin to dominate. 
This was claimed to result in an exponential increase in the heat release rate until the 
propellant achieves adiabatic flame temperature at which point no additional temperature 
rise is possible regardless of increased injection velocities.  
 
Figure 2.10. Experimental heat release rates reported by Somogyi et al. [50] 
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Kilpatrick et al. referenced the work of Guggenheim when discussing calculation 
of reaction rates from the recorded pressure data [46]. This work discussed a method for 
calculating the reaction rate constant of first order unimolecular reactions by tracking one 
parameter [48]. Typically this requires the accurate measurement of the initial value and 
final equilibrium value but the method presented by Guggenheim eliminates the initial and 
final value in the measurement of the rate,  
 , 2.7 
where  is a reaction progress variable.The time difference, , must be the same between 
points 1 and 2 as between points 2 and 3. In addition it was reported that the half time of 
the reaction should be much longer than  for accurate measurement of the rate constant. 
This limitation and the first order assumption make the use of Guggenheim’s method 
problematic for hypergolic reactions. 
2.3.4 Reaction Calorimetry 
Reaction calorimetry is a common method for tracking the progress of exothermic 
reactions. Early work by Jain et al. focused on the development of a combustion bomb for 
hypergolic propellants similar to an oxygen bomb calorimeter traditionally used for 
measuring heat of combustion for various fuels [53]. The apparatus, shown in Figure 2.11, 
was intended for heat of combustion measurements not reaction kinetics. It features a glass 
duck which contains the liquid oxidizer and a stainless steel cup to contain the solid or 
liquid fuel. Measured quantities of fuel and oxidizer are placed into the appropriate vessels 
and the bomb is closed and kept in an isothermal static-bomb calorimeter. The reaction is 
initiated by snapping a fuse wire which causes the glass duck to tip over emptying the 
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oxidizer into the fuel [53]. Jain et al. performed experiments reacting various solid and 
liquid fuels with WFNA and RFNA. The majority of the results are for reactions with 
WFNA resulting in heat of combustion values of nearly 97% of the theoretical value for 
solid fuels. Measured heats of combustion for liquid fuels were not as close to the 
theoretical values. Jain et al. attribute the lower efficiency to “propellant incompatibility” 
which is likely rapid gas production preventing complete mixing. The report of unreacted 
propellant residue in the bomb after the experiments supports this theory [53]. 
 
 
Figure 2.11. Hypergolic bomb calorimeter developed by Jain et al. and used to study 
MMH and UDMH reacted with WFNA and RFNA [53]. 
Bell et al. proposed a method to use calorimetry for measuring kinetic parameters 
for rapid condensed phase reactions occurring under non-adiabatic conditions [54]. The 
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method requires some knowledge of the reaction order and that the temperature change in 
the reaction is ~0.1°C to eliminate thermal effects on the rate of reaction. Simple reactions 
with known reaction orders were investigated including “the alkaline hydrolysis of methyl 
acetate and of ethyl glycollate, the acid-catalyzed hydrolysis of diethyl acetal, and the 
reaction of nitroethane with hydroxyl ions [54].” The method provided results that were 
within 2-3% of theoretical values but the reaction half-times were still relatively long at 3 
seconds to 3 minutes. The apparatus developed for the kinetic measurements is shown in 
Figure 2.12. The reacting mixtures is enclosed in an isothermal bath (F) which is 
recirculated by a pump (G) connected to a motor (A). The motor is also used to stir the 
reacting mixture in the brass reaction vessel (E). Reaction temperature is measured by a 
thermistor (L). A gloss rod (O) is connected to a glass ampule containing one of the 




Figure 2.12. Apparatus developed by Bell et al. for the measurement of condensed phase 
reaction kinetics [54] 
Inspired by Bell et al., Dyne et al. developed an adiabatic batch reactor which 
incorporated automatic temperature control [55]. Performing condensed phase calorimetry 
at adiabatic rather than isothermal conditions allowed Dyne et al. to evaluate the activation 
energy of a reacting system from the temperature history of a single run. The system is 
housed in a glass vacuum chamber to reduce heat losses to the surroundings. A temperature 
controlled stainless steel tube houses a polyethylene reaction bag as shown in Figure 2.13. 
The bag is filled with one of the reactants and constantly stirred while the second reactant 





Figure 2.13. Schematic of the adiabatic reactor developed by Dyne et al. for the study of 
rapid condensed phase reactions [55]. 
The work of Dyne et al. was continued by Glasser et al. to study the hydrolysis of 
acetic acid in a non-adiabatic reactor [55, 56]. According to their research, applying a 
regression analysis to the temperature history of a non-adiabatic stirred reactor allows for 
the estimation of reaction rate parameters. Their analysis technique, described in detail 
below, was reported to be applicable for homogeneous, liquid phase, exothermic or 
endothermic reactions with half-lives of a few minutes. The technique is dependent on the 
assumption that the reaction rate is dependent on the concentration of the reactants, , the 




 . 2.8 
The heat balance for the reactor includes parameters that are reactor dependent and assumes 
that the constant temperature water bath has no heat losses to the surroundings, 
 , 2.9 
where  is the heat of reaction,  is the heat capacity of the reactor and mixture,  is 
the rate of heat generated by the stirrer, and  is the heat transfer coefficient between the 
reactor at temperature  and the water bath at temperature  [56]. When looking at the 
steady state (  case, Glasser et al. were able to assume that the reactor and water bath 
are at a steady state temperature , and the concentration and temperature rates of change 
are zero they were able to eliminate the heat generated by the stirrer. To calibrate the heat 
transfer coefficient between the reactor and water bath they added a known quantity of hot 
or cold liquid to the reactor and measured the temperature history. The value of UA was 
then determined by performing a non-linear least squares regression on, 
 
, 2.10 
where  is the initial temperature. This step is required since they are using a water bath 
to surround the reacting mixture.  
Continuing to follow the derivation of Glasser et al., it was assumed that mixing 
effects would skew the results so the zero point on the time scale is not the injection time 
[56]. Instead they select and arbitrary time after injection and integrate Eq. 2.9 to get the 
form, 
 , 2.11 
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where  is the initial concentration at time, . The steady state conditions results in 
Eq. 2.8 becoming, 
 , 2.12 
which can be combined with the calibrated , known  and various guessed values 
for  and  to achieve the best fit to the experimental data with an assumed form of the 
rate equation. In this case, Glasser et al. assumed that the rate equation was of the form, 
 , 2.13 
where  is the rate constant and  and  were previously included in  [56].  
Additional researchers including Hirota et al. and Scott et al. also looked at using 
temperature as a measured variable for reaction kinetics [57, 58]. Their methods proved 
useful for acetic acid hydrolysis and other similarly slow reactions. Unfortunately the 
reaction half-time of a few minutes may be too long to be applicable to even diluted 
hypergolic liquid propellants. 
2.4 Propellant Properties 
The propellants of interest in the current work are MMH and RFNA. An overview 
of the physical properties of these propellants is included in Table 2.2. The high vapor 
pressure of the N2O4 contained in RFNA presents a major hazard to personnel. According 
to the Operational Safety and Health Administration (OSHA) the permissible exposure 
limit for N2O4 is 5 ppm and the National Institute for Occupational Safety and Health 
(NIOSH) set the immediate danger to life and health at a concentration: 20 ppm [59]. The 
personal exposure limit for MMH is 0.2 ppm with an immediate danger to life and health 
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at 20 ppm [59]. In addition to the immediate dangers associated with MMH, it is also 
known to be a carcinogen in animals with an unknown effect on humans. 
Table 2.2. Physical properties of MMH and RFNA. 
 
 MMH [60] RFNA [61] 
Chemical Formula CH3NHNH2 ~85% HNO3 + 15% N2O4 
Molecular Weight [g/mol] 46.03 63.01 
Boiling Point [K] 360.8 337.3 
Freezing Point [K] 220.8 221.2 
Vapor Pressure [kPa] 6.6 18.5 
Liquid Density [g/ml] 0.87 1.55 
Heat Capacity [J/g-K] 2.93 1.75 
 
2.5 Chemical Reaction Fundamentals 
2.5.1 Acid-Base Chemistry 
In the simplest terms acids are substances that ionize in aqueous solutions forming 
hydrogen ions and increasing the concentration of  ions in solution [62]. Acids are 
commonly referred to as proton donor since  is a proton compared to the hydrogen atom 
which consists of both a proton and electron. Bases are substances that produce hydroxide 
( ) ions in aqueous solution and react with the free hydrogen protons in acids. Typically 
a base such as sodium hydroxide (NaOH) will dissociate into a sodium ion and a hydroxide 
ion [62]. In addition to traditional bases, other substances such as ammonia (NH3) can act 
as a base in aqueous solution according to,  
 , 2.14 
where (aq) indicates aqueous and (l) indicates liquid phase. Approximately 1% of the 
ammonia ionizes to form  and  ions so therefore it is classified as a weak base. 
In contrast, strong acids and strong bases are characterized by complete ionization in 
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solution [62]. The definition of a weak base would also be fitting for the traditional 
hydrazine based hypergolic propellants since the NH2 group can potentially ionize in 
aqueous solutions. This is supported by the discussion on the basicity of amines in 
Brown et al. showing that methylamine (NH2CH3) has a higher base dissociation constant 
(Kb) than ammonia [62]. 
Neutralization reactions occur when acidic and basic solutions are mixed. When 
mixed in the appropriate proportions the reaction products do not have the characteristics 
of either the acid or base [62]. During this process the free hydroxide ions combine with 
the free  ions to form water. This process continues until both of the ions are depleted 
at which point the solution will be neutral. Neutralization reactions are suspected to be 
occurring during the early stages of hypergolic propellant reactions [14]. 
2.5.2 Reaction Rate Equations 
The reaction rate for a given chemical reaction can be both temperature and 
concentration dependent. A general global reaction between reactants X and Y is, 
  …, 2.15 
where the products are Z along with other potential products. The rate law for this example 
reaction is, 
 , 2.16 
where  is the rate constant,  is the reaction order with respect to reactant  and  is the 
reaction order with respect to reactant .  
The rate constant is temperature dependent while the reaction orders are 
concentration dependent. The rate constant is defined by the Arrhenius equation as, 
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 , 2.17 
where  is the frequency factor,  is the activation energy,  is the gas constant and  is 
the absolute temperature. The frequency factor is nearly constant with temperature and is 
dependent on the collision frequency and probability that collisions are favorable to the 
reaction proceeding [62]. The Arrhenius equation can be rearranged to allow ease fitting 
to experimental data, 
 , 2.18 
where the natural logarithm has been taken of both sides. The resulting equation is a linear 
equation with an intercept of the natural logarithm of the frequency factor and a slope of 
the activation energy divided by the universal gas constant. 
The reaction order with respect to each reactant is concentration dependent. The 
method of initial rates is commonly used to determine the reaction order with respect to 
each reactant [63]. The initial reaction rate is measured as a function of the initial 
concentration of one reactant, with all other initial concentrations held constant, and the 
change in reaction rate is used to calculate the reaction order with respect to the varied 
reactant. For reactions which occur rapidly, such as condensed phase hypergolic reactions, 
one common method to reduce the reaction rate is to decrease the concentration of the 
reactants [63, 64]. 
2.6 Early Stage Hypergolic Reaction Mechanisms 
The summary of the hypergolic ignition process presented by Hurlbert et al. was 
discussed in a previous section [21]. Hurlbert et al. bring up a few important experimental 
studies which can educate later discussion of potential pre-ignition reactions. Mayer et al. 
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was motivated to study the pre-ignition reactions of MMH, UDMH, Aerozine-50, and 
hydrazine with N2O4 [24]. The authors allowed the propellants to react at low temperatures 
and collected the resulting pre-ignition products. Analysis of the products with IR 
spectroscopy produced the spectrum shown in Figure 2.14. The reaction products appear 
to be the same as those produced by Seamans et al. which were observed to have similar 
detonation sensitivity to TNT [32]. The authors synthesized MMH nitrate (MMH-HNO3) 
for comparison to the reaction products and the spectrum of that material is shown in 
Figure 2.15. The result presented by Mayer et al. appear to indicate that MMH nitrate is a 
likely pre-ignition product as long as nitric acid is present in the mixture or conditions are 
favorable to form nitric acid. 
 
Figure 2.14. IR absorbance spectrum of pre-ignition products from MMH/NO2 reaction at 




Figure 2.15. IR spectrum of MMH-HNO3 salt prepared by Mayer et al. [24]. 
Saad et al. performed experiments to mix MMH and N2O4 under conditions that 
would not achieve ignition [25]. The reactions were carried out at -20°C in carbon 
tetrachloride which they report to be inert to N2O4 and hydrazines. The authors reported 
that the products formed for the MMH/N2O4 reaction were “methylamine, dimethylamine, 
methanol, methylnitrosamine, dimethylnitrosamine, N-methylformamide, water, MMH-
nitrate, nitrogen, and dissolved oxides of carbon and nitrogen [25].” Reaction mechanisms 
are also proposed based on the observed final reaction products. 
Takimoto et al. reported on the analysis of residues from small scale engine 
experiments with MMH/N2O4 [65]. These experimental design for these experiments was 
similar to that of Seamans et al. [32]. The residues were collected on a cryogenically cooled 
plate and processed for measurement in an IR spectrometer. The measurements from steady 
state operation experiments indicate that ammonium nitrate is present in the products but 
do not appear to support the claim the MMH-nitrate is present. When the system is operated 
in a pulsed duty cycle the results indicate that MMH-nitrate is present [65]. This result 
supports the theory that MMH-nitrate is a pre-ignition product since a pulsed duty cycle 
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yields more pre-ignition and shut down time during which the reactions may not progress 
to completion. 
Chowdhury et al. have investigated the early stage reactions between less toxic 
alternative hypergolic propellants including EmimDCA and 70% nitric acid [66]. Pure 
nitric acid was found to provide too vigorous of a reaction resulting in droplets being 
expelled from the mixing area. To counteract this issue, 40% and 70% nitric acid were used 
for the study effectively reducing the reaction rate between the fuel and oxidizer. 
Chowdhury et al. adapted a system intended for rapid heating studies on energetic 
materials to allow contact between fuels and oxidizers under isothermal conditions. The 
products of the reaction were measured using a Fourier transform infrared (FTIR) 
spectrometer. The major conclusion from this work was that the system was capable of 
assessing the initial condensed phase reactions but no specific results have been published 
for traditional hypergolic propellants. 
Wang et al. indirectly studied the condensed phase reactions mechanism between 
MMH and 70% and higher concentrations of nitric acid [14]. A small scale injection system, 
referred to as the confined interaction setup shown in Figure 2.16, was used to mix and 
react the propellants [67]. A FTIR spectrometer was used to conduct analysis of the gas 
phase product at various temperatures. The authors reported that reaction zone 
temperatures of 20°C and 50°C allowed for reactions to occur in the liquid phase, but the 
measured products were in the gas phase. When the temperature was increased to 100-
250°C the reactants evaporated in the reaction zone causing primarily gas phase reactions. 
At elevated temperatures the concentration of nitric acid had negligible effect on the gas 
phase reaction of MMH. The FTIR spectrum of the products resulting from an experiment 
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at 20°C is shown in Figure 2.17. The authors have indicated the presence of MMH-nitrate 
in the average of the first 30 experimental spectra, Figure 2.17 (a), and methyl nitrate in 
the average of the last 30 experimental spectra, Figure 2.17 (b). The authors also presented 
a time history of an experiment, Figure 2.18, showing of a few of the species of interest 
[14]. The results indicate that MMH-nitrate and water vapor are intermediate species and 
while CH3N3 and methyl nitrate appear to reach an equilibrium final state as the reaction 
slows. 
 
Figure 2.16. Schematic of the confined interaction system used by Wang et al. to study 




Figure 2.17. Average of the first 30 spectra (a) and the last 30 spectra (b) from 
Wang et al. for an experiment at 20°C in the confined interaction setup [14]. 
 
Figure 2.18. Time history from Wang et al. for an experiment in the confined interaction 
setup at 20°C [14]. 
The lower temperature (20-50°C) experiments between MMH and nitric acid 
resulted in MMH being neutralized to monomethylhydrazinium nitrate (MMHN, 
[CH3NHNH2]·NO3) along with methyl nitrate (CH3ONO2), methyl azide (CH3N3), N2O, 
H2O and N2. These species were incorporated into a proposed condensed phase chemical 
reaction mechanism which is described in detail by Wang et al. [14]. No calculations were 
made using this mechanism though, so its validity is unclear. This mechanism is also 
described in the schematic of a simple drop test experiment in Figure 2.19 [14]. The 
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condensed phase reactions produce gas phase intermediates, which were described 
previously. These products then are able to react to form either an MMHN aerosol cloud 
or additional gas phase species depending on the temperature. 
 
Figure 2.19. Proposed reaction mechanism between MMH and HNO3 applied to a simple 
drop test experiment [14]. 
The details of the condensed phase mechanism proposed by Wang et al. are 
included in Figure 2.20. The initial steps in the liquid phase (R1 and R2) are the 
neutralization reaction between MMH and HNO3 resulting in the formation of the salt 
MMHN. This salt is then oxidized by additional HNO3 to form a number of condensed 
phase intermediates including HONO and eventually CH3ONO2. (R3-R14). The reactions 
continue in the gas phase where various nitrates of MMH decompose into HONO, methyl 




Figure 2.20. Mechanism proposed by Wang et al. for MMH reacting with HNO3 [14]. 
Liu et al. have investigated the reactions between MMH and mixtures of NO2 and 
N2O4 [13]. The experimental apparatus involved a small quantity of MMH being injected 
into a small chamber filled with a mixture of NO2/N2O4/N2. The gas phase species evolved 
were analyzed by a similar system as described previously from the research of Wang et al. 
[14, 67]. In this case, monomethylhydrazinium nitrite (MMH·HONO) was observed as 
well as some of the same species reported by Wang et al. [14]. Through quantum 
mechanics calculations the authors concluded that MMH was oxidized by NO2 through 
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hydrogen abstraction and HONO formation. In addition MMH reacts with asymmetric 
ONONO2 to form methyl nitrate. 
2.7 Gas Phase Hypergolic Reaction Mechanisms 
Diamon et al. performed quantum chemical calculations to investigate the reactions 
between hydrazine and NO2 [69]. The authors identified a number of exothermic 
elementary reactions which have low or zero activation energy. Daimon et al. attributed 
the large exothermicity of the reactions to the final production of nitrogen. In addition, they 
theorize that some of the reactions are more dependent on pressure than temperature which 
could explain the ignition of hydrazine/NO2 at low temperatures [69]. 
Catoire et al. have studied the reactions of MMH with N2O4 as well as 
oxygen/argon mixtures [70, 71]. In addition, Catoire et al. have published a compilation of 
chemistries for MMH applied to propulsion applications [72]. A reaction set for 
MMH/N2O4 mixtures consisting of 403 equilibrated reactions involving 82 species was 
applied to ignition below 298 K and combustion above 1000 K [71]. Chemical kinetics 
calculations were performed and compared to the ignition delay calculated by 
Seamans et al. as shown in Figure 2.21 [31]. The authors were able to perform simple 
chemical kinetics calculations which pointed to the formation of pre-ignition products as a 
key reaction in MMH/N2O4 ignition. The authors include relevant discussion of the 
importance of specific reactions to the ignition process. The decomposition of N2O4 into 
NO2 was found to increase the ignition delay since the decomposition process is 




Figure 2.21. Ignition delay calculations by Seamans et al. (solid line) and by Catoire et al. 
without pre-ignition products (long dash) and with pre-ignition products (short dash) [31, 
71]. 
In 2010, Anderson et al. published a detailed, finite-rate, chemical kinetics 
mechanism for MMH/RFNA combustion [15]. The mechanism consists of 81 species and 
513 elementary reactions with rates based primarily on open-literature sources. The 
mechanism is based on work from a number of combustion related fields including; double-
base propellants [73, 74], natural gas combustion [75] and a few MMH focused efforts [70-
72]. This mechanism has also been modified and used extensively by Nusca et al. during 
efforts to model the Army Impinging Stream Vortex Engine (ISVE) [76]. 
Labbe et al. have made significant progress to reduce the mechanism proposed by 
Anderson et al. from the 81 species and 513 reactions down to 25 species and 29 reactions 
in the RChem 1 mechanism [15, 16]. By reducing the size of the mechanism the 
computational demand for simulation is drastically reduced. The identification of reactions 
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and species that are critical to accurate simulation has also provided the experimental 
community with guidance on which chemical species are of interest. 
2.1 Recent Computational Modeling Efforts 
The results discussed in the previous sections have contributed to efforts by 
Voskuilen et al. resulting in significant progress regarding the condensed and gas phase 
hypergolic reaction mechanisms for MMH/RFNA [77-79]. Using the reaction set modified 
by Voskuilen et al and Labbe et al., liquid MMH and RFNA at room temperature is able to 
come into contact, react and ignite with reasonable ignition delays in the computational 
space. Voskuilen et al. computationally modeled the first 15 ms of a traditional drop test 
of RFNA into a pool of MMH in 2D resulting in an ignition delay of 4 ms. A schematic of 
the computational simulation is shown in Figure 2.22.  
 
Figure 2.22. Schematic of computational domain used by Voskuilen et al. for simulation 
of drop test experiment [77]. 
The results indicate that condensed phase species including methyl nitrate and 
HONO are present along the measurement lines indicated in Figure 2.22 for a short time 
interval during the mixing and reaction process. The condensed phase reactions are single 
step global reactions in the model described in Ref. [79]. A consequence of these single 
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step reactions is that the condensed phase species are all produced simultaneously. Selected 
species concentrations present along the vertical measurement line indicated in Figure 2.22 
are shown in Figure 2.23 with time progressing from left to right and the spatial position 
on the vertical axis. Methyl nitrate and HONO (not shown) are both produced just prior to 
the gas phase reactions starting. The condensed phase methyl nitrate is produced and 
consumed before gas phase methyl nitrate appears followed by HONO and then CO2.  
 
Figure 2.23. Condensed and subsequent gas phase species produced along the vertical 
centerline during simulation of an RFNA droplet impacting an MMH pool [77]. 
The results from Voskuilen et al. provide some insight into the physical and 
chemical processes occurring and indicate potential measurement locations and times of 
interest for later use. A time progression for the gas phase species and temperature along 
the horizontal measurement line indicated in Figure 2.22 is shown in Figure 2.24. The 
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vertical axis for each plot is the time with the positive direction indicating an increase in 
time. The horizontal axis is the spatial position in the vial with zero as the center point. Gas 
phase methyl nitrate is formed approximately 2 ms before ignition occurs (4 ms) and is 
followed by gas phase HONO at approximately 3.5 ms. After ignition occurs, CO2, NO, 
and water vapor are produced. Further investigation of this data at the measurement point 
along the measurement line indicated in Figure 2.22 (x = -0.5) yields the results shown in 
Figure 2.25. The same trends are apparent in Figure 2.25 but the second HONO production 
after ignition and the peaks of the OH radical (multiplied by 1000 to aid in visualization) 
are more apparent. The information in Figure 2.25 is representative of what may be 
achieved with a line of sight point measurement in an experimental drop test configuration.  
 
Figure 2.24. Time progressions of the measurement line temperature and gas 




Figure 2.25. Gas phase species evolved during computational simulation of 
RFNA droplet falling into a MMH pool [77]. 
In order to obtain the results above Voskuilen et al. as well as other collaborators 
identified two potential early time reactions [77]. The inclusion of these two reactions in 
the reaction mechanism developed by Labbe et al. has allowed for room temperature MMH 
and RFNA to computationally react to ignition [16]. The first reaction, LR1, is a condensed 




where (l) denotes a liquid species. The rate constant for this reaction, , 
was estimated based on the high speed photography measurements of Forness et al. [12]. 
The pre-exponential factor was varied until the simulated delay between contact and gas 
production matched experimental value of 160±50 μs. The activation energy was taken 
from chemical delay time (CDT) measurements performed by Smith et al. [38]. As 
discussed previously, Smith et al. investigated the CDT for MMH as a function of 
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temperature and the results are shown in Figure 2.26. The predicted line was achieved by 
matching the CDT data to a typical Arrhenius equation, 
 , 2.20 
where  is the pre-exponential factor and  is the activation energy. The values Smith 
reported were  and  = -1.63x104 J/mol for MMH/RFNA. 
 
Figure 2.26. Chemical delay time as a function of temperature for MMH/RFNA 
measured (points) and predicted (line) by Smith [38]. 
 
The second reaction, AR1, is an aerosol reaction between gas phase MMH and 
condensed nitric acid,  
 , 2.21 
with an estimated reaction rate of, . The rate law for this reaction 
was estimated by assuming that the activation energy was negligible and the temperature 
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transient was calibrated to ensure complete reaction within the gas production delay 
reported by Forness et al. [12]. These reaction rates have been calibrated to experimental 
results from distinct studies at Purdue University and the University of Alabama for the 
Army Research Office [33, 38]. They are therefore, at best, an order of magnitude 
approximation of the actual rates. One of the main goals of this research effort is to provide 
detailed experimental calibration of these chemical reaction rates. 
2.2 Spectroscopic Measurement Techniques 
2.2.1 Fourier Transform Infrared (FTIR) Spectroscopy 
As described by Griffiths et al.: “Infrared (IR) spectra result from transitions 
between quantized vibrational energy states. Molecular vibrations can range from the 
simple coupled motion of the two atoms of a diatomic molecule to the much more complex 
motion of each atom in a large polyfunctional molecule. Molecules with N atoms have 3N 
degrees of freedom, three of which represent translational motion in mutually 
perpendicular directions (the x, y, and z axes) and three represent rotational motion about 
the x, y, and z axes. The remaining 3N-6 degrees of freedom give the number of ways that 
the atoms in a nonlinear molecule can vibrate (i.e., the number of vibrational modes) [80].” 
IR spectroscopy is a nearly universal technique since almost all molecules have strong 
absorbance features in the IR [81]. The peak positions provide molecular structure, the 
peak intensities indicate the molecular concentration, and the widths are sensitive to the 
pH and hydrogen bonding in the chemical matrix [81]. 
While IR spectroscopy has great potential to provide a large amount of information 
about a sample, there are some limitations. While some spectral features are common 
between molecules, every molecule has a unique set of vibrational modes. Therefore the 
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spectrum of a sample consisting of one molecule is unique [80]. Unfortunately studying a 
pure sample is rarely the case in experiments and the more complex a sample, the more 
complex the spectrum becomes [81]. When studying reacting mixtures the likely reaction 
pathways will often yield molecules with similar vibrational modes to the original 
molecules. 
Spectral subtraction is a common technique for determining the molecules present 
in a partially unknown sample. Successful spectra subtraction requires some knowledge of 
what may be present in the sample. A scaling factor is applied to the spectrum of the known 
component and it is subtracted from the sample spectrum to remove its influence [80]. This 
procedure can be repeated for multiple known components but overlapping bands and 
reaction with the solvent or other molecules can cause issues with the final spectrum. This 
technique has been used by researchers such as Dousseau et al. for the removal of water 
from a sample spectrum [82]. 
The Fourier transform infrared (FTIR) spectrometer is a specific type of IR 
spectrometer. A FTIR spectrometer has the advantage of increased signal to noise ratio 
(SNR) compared to traditional IR spectrometers [81]. The SNR is increased because no 
slits, prisms or gratings are needed to extract spectral data from the measurement light. 
FTIR spectrometers also have the ability to increase SNR by adding multiple scans. An 
internal laser also acts as a wavenumber standard improving wavenumber accuracy [81]. 
The downside of FTIR spectrometers are the presence of artifacts. Artifacts can be caused 
by differences in the system between background and sample spectra acquisition. Common 
artifacts are atmospheric CO2 and water vapor in the signal. Smith et al. and Griffiths et al. 
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provide detailed discussion of the fundamental operation principles for an FTIR 
spectrometer [80, 81]. 
Attenuated total reflection (ATR) spectroscopy is the most commonly used FTIR 
technique [80]. The ATR technique requires little sample preparation and is typically a 
forgiving technique. An internal reflection element (IRE) provides the sampling area in the 
ATR technique. The IR radiation enters the IRE at a specific angle and changes angle based 
on a difference in refractive index between the sample and IRE. The IR radiation is focused 
at a point on the IRE and forms an evanescent wave which extends above the IRE by a few 
microns as illustrated in Figure 2.27. The penetration depth into the sample changes as a 
function of wavenumber. As the penetration depth changes, the path length through the 
sample also changes influencing the measured intensity. An ATR correction is applied to 
the spectrum to remove the effect of variable penetration depth. Silver chloride, zinc 
selenide, zinc sulfide, germanium, silicon, and diamond have all been used as IRE in FTIR 
spectroscopy [80]. 
 




2.2.2 Ultraviolet and Visible Spectroscopy 
Ultraviolet and Visible (UV-Vis) emission spectroscopy relies electronic 
transitions from one energy state to another. The emission from this event generates light 
with specific wavelengths. The light enters a spectrometer which separates the light into a 
spectrum which is observed on a detector. The other method of performing UV-Vis 
spectroscopy is absorption spectroscopy, which relies on the absorption of specific 
wavelengths of light. A broadband light source is used and the species present at the focal 
point absorb the light prior to it entering the spectrometer. In this case, the difference 
between the spectrum of the light source and the light source interacting with the sample 
provides the absorption spectra. 
2.3 Species of Interest 
2.3.1 Monomethylhydrazine 
2.3.1.1 Infrared spectra of Monomethylhydrazine 
The monomethylhydrazine molecule (CH3(NH)NH2) shown in Figure 2.28 consists 
of a NH group bonded to a methyl (CH3) group and a NH2 group. These groups have 
characteristic vibrational modes which contribute to the overall MMH spectrum. 
Environmental concerns (remote detection, oxidation, etc.) have motivated a number of 
researchers including Molina et al. and Stone to investigate the FTIR spectra of various 
hydrazines [83, 84]. The FTIR spectra of MMH measured by a number of researchers are 
included in this section. The spectra obtained during this work are included in the results 




Figure 2.28. Monomethylhydrazine molecule. 
Axford et al. published Raman spectra over the range of 1600-650 cm-1 for liquid 
and gas phase MMH [85]. There are some discrepancies between bands measured by 
Raman spectroscopy and transmission IR spectroscopy resulting in potential deviation with 
the bands observed. Durig et al. published spectra for various substituted hydrazines 
including MMH [86]. The infrared spectrum of MMH measured by Durig et al. is included 
in Figure 2.29. The bands and corresponding vibration modes are included in Table 2.3 
along with the bands reported by Axford et al. Since the skeletal bending and stretching 
bands are unique to MMH and not the dissociated species, those bands would be ideal to 
study during the reaction between MMH and nitric acid. Unfortunately, as previously 
discussed, the bands attributed to the final products interfere with these skeletal bands.  
 
Figure 2.29. Infrared spectrum of liquid MMH reported by Durig et al. (x-axis units are 




Table 2.3. Raman band assignments for vapor phase MMH and IR bands for liquid phase 
MMH from the work of Axford et al. and Durig et al. [85, 86]  
Group/Mode Raman band [cm-1] [85] IR band [cm-1] [86] 
MMH skeletal bending 443 445 
MMH skeletal stretching 816, 1103 985, 1094, 
NH2 sym. deformation 1587 1608 
NH2 wagging/rocking 886, 1137 950, 1295 
NH deformation 770, 1122 813 
CH3 wagging 969, 1197 1194 
CH3 deformation 1412, 1441, 1474 1411, 1438, 1472 
CH stretch 2865, 2933, 2965 2784, 2937, 2963 
NH stretch 3177, 3245, 3317 3250 (broad) 
 
2.3.1.2 Aqueous Solutions of Monomethylhydrazine 
Braun et al., MacNaughton et al., and Slomin have performed research regarding 
aqueous solutions of MMH [87-89]. Braun et al. studied the decomposition of hydrazine, 
MMH and UDMH in distilled, sea, and pond water for environmental purposes. The 
authors concluded that all three fuels are stable in non-catalyzed aqueous solutions [87]. 
The authors used colorimetric analysis (light absorption at a specific wavelength) to 
measure the stability of the fuel as a function of time. A yellow azine compound is formed 
when p-dimethylaminobenzaldehyde is added to MMH allowing colorimetric analysis to 
be performed at 460 nm. In distilled water, less than 20% of the initial MMH decomposed 
after 300 hours [87] and half-lives of approximately two weeks were reported in natural 
water sources. 
Complementary to the work of Braun et al., MacNaugton et al. studied the 
degradation of hydrazine in similar water types [88]. The authors concluded that a solution 
1x10-4 molar hydrazine in distilled water degraded less than 2% over a five day period. 
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Varying the concentration of oxygen in the solution did not change the degradation rate 
indicating that oxidation by dissolved oxygen is not a concern. The addition of copper (II) 
as a catalyst did cause a major increase in the rate of hydrazine degradation [88]. 
Slomin et al. also investigated the effect of hard and soft water on the decomposition of 
hydrazine fuels [89]. The results of Slomin et al. indicate that solutions in soft water are 
slightly more stable than in hard water. The authors concluded that the larger concentration 
of ions in hard water caused the decreased stability.  
2.3.2 Nitric Acid 
2.3.2.1 Infrared Spectrum of Nitric Acid 
The IR spectrum of the nitric acid (HNO3) molecule shown in Figure 2.30 should 
have nine fundamental vibrational modes, all of which are active in the IR region [90]. 
Based on the work of McGraw et al. the nine vibrational modes identified in the gas phase 
should also be possible to identify in the liquid phase and are described in this section [90]. 
The nitric acid molecule should exhibit three modes associated with the hydrogen molecule; 
an HO stretch ( ), a HON bend ( ), and a HO torsion mode ( ). The NO group will 
exhibit an antisymmetric stretch ( ) and symmetric stretch ( ). The ONO group should 
have an angle deformation ( ) associated with the nitro group. The NO2 group contributes 
an out of plane bending mode ( ) to the molecule. There is also an additional NO′ stretch 
( ) and ONO′ angle bend ( ). These features are summarized in Table 2.4 with the 
characteristic Raman frequencies identified by McGraw et al. The bands are labeled as 
weak (w), medium (m), strong (s), and very strong (vs) based on the experimental 
observations. Marcus et al. also published IR band assignments for liquid phase nitric acid 
55 
 
obtained in a 2 μm transmission cell [91]. Overall the authors report similar bands to the 
Raman bands shown in Table 2.4 with slight shifts caused by the IR vs Raman technique. 
The band from McGraw et al. at 3410 cm-1 is reported at 3380 cm-1, the 1675 cm-1 band is 
reported at 1680 cm-1, and the 1303 cm-1 band is reported at 1308 cm-1 [91]. 
 
Figure 2.30. Nitric acid molecule. 
Table 2.4. Infrared vapor phase nitric acid and condensed phase Raman absorption bands 
reported by McGraw et al. (*calculated based on a weak overtone at 1542 cm-1 ) [90].  
 
Assignment Group/Mode Vapor band [cm-1] (IR) 
Liquid band 
[cm-1] (Raman) 
 HO stretch 3550.0 m 3410 w 
 NO antisym. stretch 1708.2 vs 1675 w 
 HON bend 1330.7 s 1395 w 
 NO sym. stretch 1324.9 vs 1303 vs 
 ONO angle deformation 878.6 s 926 s 
 NO′ stretch 646.6 w 677 s 
 ONO′ angle bend 579.0 w 612 m 
 NO2 out of plane bend 762.2 s 771* 
 HO torsion 455.8 m 485 w 
 
The IR spectrum of nitric acid is complicated by dissociation in aqueous solutions. 
Nitric acid dissociates into NO3- and H+ to varying degrees in water depending on the nitric 
acid concentration [92]. According to Querry et al. the extent of dissociation is a function 




Figure 2.31. Dissociation constant reported by Querry et al. for aqueous solutions of 
nitric acid [92]. 
According to Hogfeldt et al., a portion of the nitric acid molecules will form 
hydrates with the water in the solution [93]. These two factors reduce the number of pure 
nitric acid molecules present and available to react in a given solution. Hogfeldt et al. 
compiled results from previous researchers and calculated the ratio of two forms of nitric 
acid hydrate as shown in Figure 2.32 [93]. The x-axis of Figure 2.32 is the molarity of the 
nitric acid solution and the y-axis is the non-dissociated molarity. The solid line and data 
points indicate the quantity of associated molecules (HNO3, HNO3·H2O, and 
HNO3·(H2O)3). The nitric acid tri-hydrate (HNO3·(H2O)3) form dominates at low molarity 
but the mono-hydrate (HNO3·H2O) form becomes more prevalent as the molarity increases. 




Figure 2.32. Fractions of nitric acid hydrates present in aqueous solutions of nitric acid 
reported by Hogfeldt et al. [93]. 
The IR absorption spectrum of nitric acid solutions were investigated by Yang et al. 
with a FTIR ATR system [94]. Their results are shown in Figure 2.33, including a pure 
water spectrum where the characteristic water peaks at ~3400 and ~1648 cm-1 are apparent. 
According to the authors, as the nitric acid concentration increases the water peaks become 
less apparent as more non-dissociated nitric acid is present, mainly existing as nitric acid 
monohydrate. This conclusion is reasonable based on the results of Hogfeldt et al. who 





Figure 2.33. FTIR ATR spectra of various nitric acid solutions reported by 
Yang et al. [94]. 
Smith et al. and Koehler et al. have studied the spectra of nitric acid hydrates and 
their presence at cold temperatures in the atmosphere [95, 96]. Smith et al. published the 
nitric acid and nitric acid mono-hydrate (normal and deuterated) spectra shown in 
Figure 2.34. Unlike the pure nitric acid spectrum, the nitric acid mono-hydrate spectrum 
shows an underlying absorbance which increases the baseline across almost all 
wavenumbers. This underlying absorbance may cause some issues in spectral analysis for 






Figure 2.34. a) Nitric acid and b) nitric acid mono-hydrate spectra reported by 
Smith et al. [95]. 
2.3.3 Potential Product Species 
The FTIR spectrometer and experimental systems used by Wang et al., 
Chowdhury et al. and Liu et al. allowed the identification of some potential species of 
interest in the IR region [13, 14, 66, 67, 97]. Species of interest for MMH/HNO3 reactions 
were identified by Wang et al. and observed IR bands are shown in Table 2.5. The 
absorption of methyl nitrate occurs in the IR as described by Brand et al. and summarized 
by Wang et al. in Table 2.5 [14, 98]. Current reaction mechanisms do not include species 
proposed by Wang et al. such as CH3N3, CH3ONO and CH3NH2 [14]. Additional 
experimental validation that these species are present would help to further improve the 
current reaction mechanism. 
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Table 2.5. Major IR bands observed by Wang et al when reacting MMH with HNO3 [14]. 
Species Major IR bands observed (cm-1) 
HNO3, H2O, NO2, NO, N2O, CO2, CH4, HCN, CH30H and NH3 see HITRAN data base 
MMH 3261(s), 2960(vs), 2852( vs), 2785(vs), 1595(m), 1480(s), 1451(s), 1293(m), 1119(s), 968(s), 888(vs), 771(vs) 
MMH nitrate 3322(s), 3080(s), 2796(m. br), 2495(m), 1617(s), 1460(s), 1383(vs), 1215(m), 1106(m), 1000(m), 882(m), 827(m) 
trans-HONO 3590(m), 1699(s), 1264(s), 791(s) 
cis-HONO 1640(s), 853(s) 
HNCO 2269 
CH3N3 2190(m), 2107(s), 1276(m) 
CH3ONO2 
2965(m), 1666(vs), 1435(m), 1290(vs), 1017(s), 855(s), 759(m), 
660(m) 
CH3ONO 1678(s), 1620(vs), 991(s), 811(vs) 
CH3NH2 2955(s), 1621(m), 1046(m), 782(s) 
 
Measurements by Khlifi et al. support the bands reported by Wang et al. for methyl 
azide (CH3N3) [99]. The strong peak labeled v3 in Figure 2.35 (2107 cm-1 peak from 
Wang et al.) corresponds to the C(NN)N asymmetric stretching mode. The 2v13 peak 
(2190 cm-1 peak from Wang et al.) is associated with CH3 stretching and the v6 peak 




Figure 2.35. IR spectra for gas phase methyl azide [99]. 
As discussed in the previous sections, methyl nitrate is a suspected pre-ignition 
product for MMH/N2O4 combustion. Methyl nitrate is also likely to occur during the 
MMH/HNO3 reaction since NO2 reacts with water vapor to generate nitric acid. 
Kettering et al. performed measurements on gas phase methyl nitrate as shown in 
Figure 2.36. Additional experiments and theoretical calculations performed by 
Korolovich et al. on liquid phase methyl nitrate are included in Figure 2.37. The peaks 
reported by Korolevich et al. are included in Table 2.6. The majority of the peaks included 
by Wang et al. are also present in the results of Korolevich et al. The features at 1017 and 
1666 cm-1 are not present but they are present in the results of Kettering et al. These three 





Figure 2.36. IR spectrum of methyl nitrate reported by Kettering et al. [100] 
 
Figure 2.37. Experimental (a) and theoretical (b) IR spectrum of methyl nitrate [101]. 
Table 2.6. IR bands identified by Korolevich et al. for methyl nitrate [101] 
Group/Mode IR band [cm-1]  
NO2 deformation 575 
NO2 non-planar 
rocking 660, 756 
O-N stretch 858 
C-O stretch 990 
CH3 rocking 1152, 1175 
N=O symmetric 1282 
CH3 deformation 1427, 1458 





The presence of methylhydrazinium nitrate (MMH-nitrate, CH3N2H3·HNO3) in 
combustion chambers during transient ignition events indicates that it is likely a pre-
ignition product for MMH/N2O4 [4, 24, 25]. Lawton et al. synthesized MMH-nitrate and 
acquired the IR spectrum shown in Figure 2.38 [102]. The strong peak at 1383 cm-1 agrees 
well with the results of Wang et al. and will be a feature of interest in the current research 
effort. Other peaks around 800 cm-1 are in the same region as peaks in the pure MMH 
spectrum and may cause some issues during data analysis. 
 
Figure 2.38.IR spectrum for MMH-nitrate [102]. 
Gas phase species of interest for MMH/RFNA combustion include CO, CO2, OH, 
HONO, CH3ONO2, and MMHN, among others. The absorption of CO2 is somewhat 
hampered by the presence of CO during the reaction process. CO appears to be generated 
slightly before CO2 but the two are very likely to both be present in any measurement area 
during an experiment. The species CO has been observed as two strong narrow bands at 
289.5-289.7 nm and 288.1-288.4 nm. CO2 also appears at those same wavelengths and has 
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been attributed to ionized CO2+. Additional CO2 lines are reported at 313.3, 324.7, 337, 
350.3 and 366.2 nm as observed in discharge tube studies [103]. 
The OH molecule has strong absorption lines around 306.4 nm but the brief 
presence of OH and the low concentration are likely to limit measurement ability. 
Absorption bands of HONO from Pearse et al. span from 327 to 384 nm [103]. The 
strongest absorption lines are at 368, 354.5 and 341.8 nm and were originally reported by 
Melvin et al. and Newitt et al. [103-105]. Formaldehyde (CH2O) is also formed at a similar 
time scale as HONO but in much lower quantities according to the current mechanism. It 





CHAPTER 3. EXPERIMENTAL SYSTEMS 
3.1 Hypertester 
A method for rapidly evaluating candidate hypergolic propellant combinations was 
developed at NAWC China Lake [36, 107]. The design, termed the Hypertester, was then 
modified in this work to include additional diagnostics and increase experimental 
repeatability. The system consists of a crucible containing a small quantity of fuel or 
oxidizer and a syringe containing fuel or oxidizer. A droplet is manually expelled from the 
syringe, falls a known distance and impacts the center of the sample in the crucible. Droplet 
contact time is recorded with a piezoelectric displacement transducer and a photodiode is 
installed to record the ignition event. The drop height is adjustable from 1 to 25 cm and the 
oxidizer droplet volume is approximately 20 μL. The propellant volume in the crucible is 






Figure 3.1. Image of the Hypertester with key components labeled. 
Experiments on the hypertester utilized the streak camera system described in a 
later section. The streak camera system requires the use of a laser interrupter circuit to 
provide the pre-trigger signal to a delay generator. The interrupter circuit consists of a 
HeNe laser diode (Thor Labs, CPS635S) installed in a cage system and aligned with an 
amplified photodiode (Thor Labs, DET10A). The cage is installed directly above the fuel 
sample so that the falling oxidizer droplet interrupts the laser causing a voltage drop on the 
photodiode output. This voltage drop is sufficient to trigger the delay generator using the 
negative slope external trigger setting. Adjustment of the laser interrupter height affects the 
timing of pre-trigger. 
3.2 Impinging Jet System 
Experimentation was performed using an unlike doublet (60° included angle) IJ 
apparatus discussed previously by Kubal et al. [11] A schematic of the system is shown in 
Figure 3.2. The toxic nature of the propellants under investigation required the inclusion 
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of numerous safety features in the system. Injectors are loaded with propellants and sealed 
in fume hoods prior to transport to the IJ apparatus. A nitrogen purged glove box is used 
for MMH loading to prevent decomposition in air. All of the reacted products are filtered 
through a water dilution reservoir before being exhausted from the laboratory via sealed 
ducts. In addition, all personnel wear head to toe personal protective equipment, sensing 
devices, and have had detailed training prior to handling the chemicals. Additional 
information about the laboratory is available in a paper by Pourpoint et al. [108]. 
  
 
Figure 3.2. Schematic of impinging jet apparatus with key components labeled. 
During testing, the injection event is controlled by two high accuracy linear motor 
positioning stages (H2W Technologies SRS-004-04-050-BAS6) which allow for one 
micron spatial resolution and one microsecond temporal resolution. Chamber pressure and 
temperature, propellant temperature, applied piston force, piston position, and piston 
velocity are recorded by a data acquisition system. Current optical diagnostics include two 
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Phantom Version 7.3 high speed cameras (color and black and white) allowing imaging 
from two angles through the 360° optically accessible fused silica chamber. Ignition delay 
and location is determined from inspection of the high speed video data. All videos were 
recorded at 5000 frames per second resulting in a time resolution of 0.2 ms. 
3.3 Hypergolic Bomb Reactor 
The motivation for the construction of the hypergolic bomb reactor (HBR) was to 
the liquid phase reaction rates of the propellant combination MMH and RFNA. These 
propellants contact and combust within a few milliseconds so traditional techniques such 
as drop tests and impinging jet systems are mixing limited. The HBR was designed to 
provide complete mixing of two propellants in a few milliseconds in an attempt to remove 
the mixing limitation from the study of hypergolic propellants. The HBR hardware was 
designed for safe operation at up to 3000 psi. Stainless steel 304 or 316L was used for all 
hardware and polytetrafluoroethylene (PTFE) or VitonTM seals ensured compatibility with 
a wide range of fuels and oxidizers including MMH, RFNA and rocket grade hydrogen 
peroxide. Optical access ports were included in the system that could be used with stainless 
steel blanks or fused silica windows. For the initial results presented here, stainless steel 
window blanks were used. The overall system is shown in Figure 3.3 with the major 




Figure 3.3. Overview image of the HBR with key components identified. 
The injector feed system, injectors, and pistons in the HBR are identical for both 
fuel and oxidizer to obtain, within geometrical tolerances, identical volumes and therefore, 
piston pressurization rates. Propellant loading occurs in either a nitrogen purged dry-box 
or fume hoods for fuel and oxidizer respectively. The injector is loaded with a microliter 
syringe, primed and then sealed with a PTFE burst disk and cap. The piston is a multipart 
design to allow for integration of the Parker S5 piston seals. The S5 piston seal is a Viton 
o-ring energized square PTFE seal that is capable of sealing at the pressures and piston 
velocities we intend to achieve [109].The front end of the piston is machined with a 37° 
cone and a protruding pin which is intended to force as much propellant out of the injector 
as possible during injection. These features prevent trapped propellant volume that would 
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increase the uncertainty in the analyzed results. During injection, the driving pressure 
pushes the injector piston and completely expels the propellant in the injector. 
The injector plate secures the fuel and oxidizer injectors and also includes 
diagnostic ports for chamber pressure and optical access. Fuel and oxidizer are injected 
directly opposed through 1/8 inch diameter orifices at the top of a ¼ inch diameter mixing 
cup. The injector plate also features a nitrogen purge port with redundant check valves 
preventing combustion gases from contaminating the nitrogen supply. 
Six fiber optic access ports are included on the injector plate and combustion 
chamber. The ports are positioned 180° apart and along the same centerline to allow for 
both emission and absorption spectroscopy. The centerline of the first pair of ports is 
located just below the mixing cup exit plane exit to allow for measurement of early stage 
optical phenomena. A high frequency measurement port is also included in the injector 
plate near the mixing cup exit and a second port is located in the combustion chamber. A 
vent port is located on the combustion chamber to release combustion pressure and 





Figure 3.4. Cross section view of HBR with key components labeled. 
3.4 Instrumentation  
A National Instruments based data acquisition system was used for all of the 
systems described in this section. The system consists of two separate chassis to handle 
low and high frequency data recording. The low frequency chassis (SCXI-1001) is 
connected to a PCI-6052E data acquisition card with 16-bit resolution. The chassis is 
configured to read and record signals from pressure transducers, load cells, thermocouples, 
and chemical sensors during experimentation. It also controls both electric and pneumatic 
solenoid valves allowing for remote system operation. The high frequency chassis (PXIe-
1062Q) records data from Kulite pressure transducers and is expandable to take 
measurements from photodiodes and other sensors. 
3.5 Diagnostic Tools 
3.5.1 UV-Visible Streak Camera Spectrometer 
Rapid spectroscopic measurements in the ultraviolet (UV) and visible wavelengths 
may shed light on the chemical reactions occurring during the early stage hypergolic 
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reactions. Making these measurements is possible with a streak camera. In this work, the 
streak camera is the ROSS 2000 system manufactured by Sydor Instruments. The system 
consists of a spectrometer, a streak tube, and a CCD camera. 
The spectrometer is a Princeton Instruments PI-ACTON SP-2300 spectrometer 
with a three grating turret. The gratings were selected to provide the optimal coverage of 
the UV and Visible wavelengths with reasonable spectral ranges. The spectrometer is 
configured with three gratings: 300 g/mm at 500 nm blaze angle, 600 g/mm at 300 nm 
blaze angle, and 1200 g/mm at 300 nm blaze angle. Figure 3.5 shows the efficiencies for 
these gratings as a function of wavelength.  
 
Figure 3.5. Efficiency as a function of wavelength for the three gratings installed in the 
streak camera spectrometer. 
Light enters the spectrometer through a vertical slit and reflects off of two mirrors 
before interacting with the grating which converts the light to specific wavelengths. This 
light passes through the streak tube manufactured by Photek and configured and installed 
by Sydor Instruments. The streak tube directs the incoming light to different points on the 
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CCD camera using a voltage differential across two plates. A schematic of the internal 
operation of the streak camera is included in Figure 3.6. The figure, provided by 
Hamamatsu Photonics, is describing operation in temporal and spatial mode. The streak 
camera purchased from Sydor Instruments swaps the space axis with the spectral axis by 
using a spectrometer. 
 
Figure 3.6. Schematic of the internal operation of the streak camera (Image credit: 
Hamamatsu Photonics). 
Sydor Instruments customizes each system they sell to match the needs of the 
customer. In the case of rapid hypergolic ignition events, they configured the ramp module 
to have sweep speeds of 300 ns to 30 ms resulting in temporal resolution of 0.01 ns to 1.43 
μs as shown in Table 3.1. The system is configurable to allow for simultaneous 
measurement over a maximum of 230 nm wavelength range at a given time anywhere 
between 200 nm and 900 nm. The spectroscope can be narrowed down with different 




Table 3.1. Sweep speeds and resolutions for the streak camera 
 
Sweep Speed Temporal Resolution 
300 ns 0.24 ± 0.01 ns/pixel 
1 μs 0.814 ± 0.0049 ns/pixel 
5 μs 4.01 ± 0.23 ns/pixel 
10 μs 7.97 ± 0.44 ns/pixel 
50 μs 39.6 ± 2.5 ns/pixel 
100 μs 80.0 ± 5.77 ns/pixel 
500 μs 418.6 ± 23.7 ns/pixel 
1 ms 852.6 ± 0.44 ns/pixel 
5 ms 4.43 ± 0.18 μs/pixel 
10 ms 8.76 ± 0.19 μs/pixel 
20 ms 16.97 ± 0.48 μs/pixel 
30 ms 24.90 ± 1.43 μs/pixel 
 
The single shot nature of the streak camera measurement technique means that the 
synchronization between the experimental system and the streak camera is critical. Three 
distinct signals are required for operation of the system. The pre-trigger signal is provided 
by the experiment to a Stanford Research Systems DG645 delay generator. The pre-trigger 
signal must be 20ms or more before of the event of interest and be repeatable to allow the 
shutter open and ramp trigger signals to be sent at the appropriate times. The internal shutter 
requires ~20 ms to fully open so the first output of the DG645 is set to a high TTL pulse 
attached to the shutter trigger input 20 ms before the event of interest. The second output 
from the DG645 is set to a high TTL pulse attached to the ramp trigger input. This signal 
tells the ramp module to fire the image sweep just before the event of interest. The timing 
must be tailored to each experiment and adjusted slightly based on the desired sweep speed. 





Figure 3.7. Timing diagram for the streak camera. 
3.5.2 Fourier Transform IR Spectrometer 
Fourier transform infrared (FTIR) spectroscopy measurements were obtained using 
an Agilent Technologies Cary 680 FTIR Spectrometer. Similar FTIR spectrometers were 
used by previous researchers for investigating hypergolic propellant reactions [13, 14, 66, 
67, 97] The Cary 680 is configured for with a ceramic mid-IR source, extended range 
potassium bromide (KBr) beam splitter, and deuterated L-alanine doped triglycine sulfate 
(DLaTGS) detector allowing measurements from 9,000–350 cm-1. The standard signal to 
noise ratio guaranteed by Agilent is 48,000:1 peak to peak for a 5 second measurement, 
when using an ATR accessory (as we are in this study) the signal to noise ratio drops to 
12,000:1. The system is also capable of greater than 110 spectra/second at 16 cm-1 
resolution for kinetics experiments when equipped with a liquid nitrogen cooled mercury 
cadmium telluride (MCT) detector. Additional capabilities not employed in this work 
include micro and nano second time resolved spectroscopy through the use of the step-scan 
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mode. Measurements were taken on a Pike Technologies GladiATR attenuated total 
reflectance accessory fitted with a liquid cooled diamond crystal top plate. A Neslab RTE 
740 liquid chiller (capable of -40 to 200°C) is used to temperature condition both the ATR 
crystal plate and liquid propellants. The system was configured for two experiments, a 
dynamic drop on pool experiment and a steady state flow through experiment. 
The KBr beam splitter is hygroscopic requiring that the system have a constant dry 
nitrogen purge. Desiccant packs are also installed internally next to the interferometer to 
protect the system in the event that the nitrogen purge is lost. The nitrogen purge also is 
used to operate the air bearings on the interferometer and the system will provide an error 
if the nitrogen pressure is too low for safe operation. System health was verified before 
each set of experiments. This process involved checking the symmetry and intensity of the 
interferogram. An interferogram with acceptable intensity (0.6-8 volts) and symmetry is 
included in Figure 3.8. In addition, the background image, shown in Figure 3.9, is 
inspected to verify that the nitrogen purge was eliminating the majority of the CO2 and 
H2O vapor in the system. Finally a zero percent line is acquired by acquiring a spectrum 
with no sample on the crystal and taking a ratio of that spectrum to the background 
spectrum. An example of the zero percent line is shown in Figure 3.10 demonstrating the 
noise is on the order of 10-3. The zero percent line is specific to an absorption measurement 





Figure 3.8. Interferogram from the Cary 680 system with the GladiATR installed 
(acquired 10/29/2014). 
 
Figure 3.9. Background spectrum for the Cary 680 system showing diamond absorption 





Figure 3.10. Typical zero percent line for the Cary 680 system with GladiATR installed 
(acquired 10/29/2014). 
An enclosure was designed and built to house the FTIR and provide ventilation to 
ensure personnel safety. Extruded aluminum manufactured by 80/20 Inc. made up the 
framework for the enclosure. Two doors were included on the front of the enclosure to 
allow access to the measurement area. All of the openings in the framework were filled 
with clear acrylic panels to allow visual access to the system. The portable exhaust duct 
was connected to the enclosure by 3 inch PVC pipe directly above the measurement area. 
This set-up allowed for experiments with diluted propellants outside of a dedicated fume 




Figure 3.11. Image of the FTIR enclosure. 
The dynamic drop on pool experiment required temperature conditioning of both 
the ATR crystal and the propellant containers. The liquid output from the chiller was routed 
through to pass a portion of the total liquid through the 1/8” OD copper tubing attached to 
the ATR crystal plate. The amount of coolant directed to the ATR plate was varied by 
adjusting a ball valve placed between the ATR crystal plate cooling line inlet and outlets 
as shown in Figure 3.12. The remaining coolant passed into a reservoir to temperature 
condition the propellants. The flow rate into the reservoir was dictated by the line resistance 
associated with the ATR crystal plate cooling system. A needle valve was included in the 
reservoir outlet line and adjusted to maintain a constant coolant level in the reservoir. An 
adhesive T-type thermocouple was used to monitor the temperature as close as possible to 
the ATR crystal while still avoiding the propellant area. A stainless steel sheathed and 





Figure 3.12. Image showing the coolant routing for the ATR crystal plate. 
Prior to performing the drop on pool experiment the chiller was set to the 
appropriate temperature. The ball valve and needle valve on the ATR crystal plate coolant 
line and coolant reservoir were adjusted to achieve a constant coolant level and the desired 
temperatures. The Resolutions Pro software package was opened and the kinetics 
measurement technique was selected. The DLaTGS detector has a maximum 
recommended frequency of 25 kHz but the system can be over-driven at the expense of 
signal to noise ratio. In addition the system can be configured to acquire bi-directionally 
and perform a quad compute operation allowing for higher acquisition rates. For these 
experiments we performed measurements at 75 kHz and used the bi-direction quad 
compute settings to achieve ~27 Hz measurements. The background was taken once the 
crystal temperature had reached the desired value and the spectrometer was properly 
configured. Once the background was stored the system was set to acquire for 15 seconds 
and to trigger on a key press. Four drops of temperature conditioned diluted fuel or oxidizer 
were placed onto the ATR crystal and then a single drop of the other propellant was added 
after triggering the data acquisition.  
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The steady state flow through experiment required a more complicated 
configuration than the drop on pool experiments. The temperature conditioning system for 
the ATR crystal plate was the same as for the drop on pool experiments. The outlet from 
the ATR crystal plate cooling circuit is distributed into two counter-flow heat exchangers 
used to condition the propellant flow lines. Propellant is stored in two (fuel and oxidizer) 
100 ml glass and PTFE syringes (Hamilton 1000 series, PN: 86020) and connected to the 
1/8” stainless steel propellant flow lines by luer lock connections and flexible fluorinated 
ethylene propylene (FEP) lined Tygon PVC tubing. A Harvard Apparatus PHD 22/2000 
syringe pump injects the propellant at a specified flow rate causing the propellant to pass 
through the heat exchangers and come to the desired reaction temperature. Two 1/16” 
stainless steel sheathed and grounded T-type thermocouples monitor the fuel and oxidizer 
temperature at the outlet of the heat exchanger. The propellants then pass through check 
valves to prevent reacting liquid backflow and then undergo mixing in a cross fitting. The 
fuel passes directly though the cross and oxidizer impinges on the fuel flow at 90 degrees. 
The fourth leg of the cross has another 1/16” stainless steel sheathed and grounded T-type 
thermocouple installed to measure the mixing point temperature. The propellants flow a 
known distance after mixing and then enter a flow through attachment designed for the 
GladiATR system. The reacting mixture then exits the flow through attachment and the 
temperature is measured by another 1/16” stainless steel sheathed and grounded 
thermocouple. The reacted propellant is collected into a reservoir for disposal. A schematic 




Figure 3.13. Schematic of flow through system used for steady state measurements. 
 




CHAPTER 4. RESULTS 
4.1 Impinging Jet Experiments 
4.1.1 Ignition Results 
The analysis of the complex and rapid ignition process of MMH/RFNA calls for a 
representative yet well-controlled experimental setup. In this study, we use a single element 
unlike doublet IJ apparatus to control propellant injection. This configuration allows us to 
investigate critical mixing and reaction times with an injector representative of a single 
element of a rocket engine. However, the ignition process can be intimately tied to the 
injection technique and initial conditions thus potentially limiting the ignition thresholds 
identified in this experiment to single element unlike doublet injectors [1]. Despite this 
limitation, the insight gained into the governing processes of hypergolic ignition is 
expected to guide the design of future IJ injectors, whether from an experimental or a 
modeling standpoint.  
The thermal ignition theory proposed by Semenov has been used extensively to 
describe homogeneous gas phase reactions [110]. For liquid hypergolic propellants, a 
perfectly mixed system is not possible since both condensed and gas phase reactions are 
part of the ignition mechanism. Despite this, Semenov theory can be used as a conceptual 
framework to interpret results and a number of other researchers have applied this theory 
to hypergolic liquid propellants with success [31, 43, 111-113]. The premise of thermal 
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ignition theory is that heat generation must be in excess of heat loss to the surroundings for 
ignition to occur [43]. For an impinging jet type injector both the heat generation and heat 
loss equations are functions of the region of mixed propellant as shown in Figure 4.1. 
 
Figure 4.1. Schematic of the reaction area with a single element unlike doublet injector. 
During the critical early stage of spray development, within the first few 
milliseconds after impact, it is assumed that heat is generated by a ellipsoidal volume of 
propellant that can be represented by the spray sheet radius, , and thickness, , with 
density, , according to, 
 , 4.1 
where  is the heat of reaction for the system and  is the reaction rate. Heat is lost to the 
surroundings by convection and radiation at the interface between the ambient gas and the 
spray sheet. Assuming the same ellipsoidal reaction region the heat loss equation is, 
 
, 4.2 
where  is the heat transfer coefficient to the ambient gas and  is the Stefan-Boltzman 
constant. Based on equations 4.1 and 4.2, it is apparent that quantification of  and  
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during experimentation should provide some insight into the conditions that result in 
ignition for a given hypergolic propellant combination. The assumption of an ellipsoidal 
reaction area is only applicable for the first 1-3 milliseconds after contact when the 
propellants are undergoing forced mixing. The sheet radius is expected to be largely 
controlled by the injection velocity and jet residence time which are also key parameters 
for transient combustion phenomena. According to equations 4.1 and 4.2, increasing the 
reacting sheet radius will modify both the heat generation and loss. At some conditions, 
the coupled reaction volume and heat capacity of the mixture should overcome the heat 
loss and ignition will occur. In the current work we have chosen to investigate the effect of 
reacting sheet radius by performing experiments with a range of orifice diameters and 
propellant mass flow rates. 
4.1.1.1 Injection Conditions 
In the present study, we varied the contact area between the oxidizer and fuel jets 
through variation in the fuel and oxidizer orifice diameters. For each set of orifices the total 
(fuel+oxidizer) propellant mass flow rate, , was set at 10, 25, and 40 g/s by changing the 
injection velocity. All other parameters were held constant throughout the study at the 
values shown in Table 4.1 with the exception of the orifice pair  = 1.12 mm and  = 
1.32 mm. This pair was included to expand the data set despite the slightly different 
diameter ratio of 1.18 and the jet momentum ratio of 1.61. The results do not show 
significant deviation from the trends caused by this variation. The propellants were kept at 
room temperature for all experiments and the chamber exhaust is designed with minimal 
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flow restriction to minimize pressurization above atmospheric pressure during experiments 
(typically ΔP < 0.1 atm). 
Table 4.1. Common injection conditions for MMH/RFNA experiments. 
Parameter Value 
Total Momentum Ratio, TMR 1.68 
Oxidizer to Fuel Diameter Ratio 1.15 
Oxidizer to Fuel Ratio, O/F 2.0 
Injection Duration 50 ms 
 
The total momentum ratio is defined as, 
 
 4.3 
where  is the jet density,  is the area of the jet and  is the jet velocity for either the 
oxidizer ( ) of fuel ( ). The optimal oxidizer to fuel ratio (O/F) for stoichiometric 
combustion of MMH and RFNA at near atmospheric pressure occurs at 2.76. The oxidizer 
to fuel diameter ratio, as well as TMR and O/F were selected to provide a compromise 
between the optimal values for each parameter. A complete list of conditions tested is 
shown in Table 4.2 and in Figure 4.2. The MMH and RFNA used throughout this study 
were purchased from Sigma Aldrich (CAS #s: 60-34-4 and 7697-37-2). These propellants 
do not meet all DoD specifications per MIL standards (MIL-PRF-27404C and MIL-PRF-
7254G) but are well-characterized and cost effective fluids. The MMH from Sigma Aldrich 
has a minimum purity of 97.5% (balance water). The RFNA deviates from DoD 
specifications with the dissolved oxides reported as ~6% N2O3. The N2O3 content can be 
























10 10.3 12.2 866.4 0.14 
25 25.5 30.2 2149.4 0.06 
40 40.8 48.4 3441.5 0.04 
0.73 0.84 
10 7.7 9.1 751.9 0.22 
25 19.2 22.8 1881.0 0.09 
40 30.6 36.5 3007.6 0.05 
0.84 0.97 
10 5.8 6.9 659.2 0.34 
25 14.4 17.1 1646.5 0.13 
40 23.0 27.4 2633.5 0.08 
0.97 1.12 
10 4.3 5.1 570.2 0.52 
25 10.8 12.9 1431.0 0.21 
40 17.3 20.6 2285.5 0.13 
1.07 1.23 
10 3.6 4.3 510.8 0.68 
25 9.0 10.7 1277.3 0.27 
40 14.4 17.1 1689.5 0.17 
1.12 1.32 
10 3.1 3.9 494.4 0.83 
25 7.8 9.7 1239.9 0.33 
40 12.5 15.5 1987.4 0.21 
1.32 1.52 
10 2.3 2.8 414.2 1.30 
25 5.9 7.0 1036.5 0.52 
40 9.4 11.2 1658.4 0.32 
 
 
Figure 4.2. Test conditions for MMH/RFNA testing. 
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4.1.1.2 Data Analysis 
Following common practice, ignition delays were determined in this study as the 
time difference between first contact of the jet streams and first sign of visible light on the 
recorded high speed videos. Each of the test conditions outlined in Table 4.2 was classified 
based on the probability that ignition occurred in less than 10 ms. Ignition events occurring 
after 10 ms were excluded since they were typically due to propellant buildup on the 
injector face and not from reaction occurring in the spray. 
In order to evaluate the contact area as a function of time, the spray sheet contact 
area was represented by an average sheet radius as calculated with Eq. 4.4, 
 , 4.4 
where  and  are defined in Figure 4.3. The average sheet radius as a function of time 
allowed for determination of a sheet radius growth rate, , which was then compared 
between experimental conditions. The time window of interest, 0 to 2 ms, is shown in in 
the first three images of Figure 4.3 but the error associated with determining the sheet 
dimensions from these frames is exaggerated when measuring the small sheet area. Since 
the sheet growth rate was observed to be approximately linear, the time average growth 
rate was calculated to reduce this error by using the average radius measured from 0 ms up 
to a late stage of spray sheet development, ~13 ms, as shown in last image of Figure 4.3. 
The maximum sheet radius error was determined to be +/- 6%  based on the standard 
deviation of the growth rates for each experiment performed at each condition. In order to 
eliminate inflation of the sheet radius caused by different orifice diameters a non-
dimensionalized sheet radius, , is defined in Eq. 4.5, 
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 , 4.5 
where  is the radius of the fuel orifice. 
 
Figure 4.3. Example image showing the early stage spray sheet through steady state 
development of a non-reacting spray with selected points for spray sheet contact area 
determination. 
4.1.1.3 Results 
The linear actuators used to control the injections in the present study provide 
repeatable events with short rise times. The steady state velocity, overshoot, and recovery 
are all repeatable from day to day allowing comparison of tests performed throughout 
experimental campaigns. Figure 4.4 shows the actual piston velocity recorded by the 
actuator linear encoders for three individual injections performed on three separate days. 
Approximately 3 ms after motion is commanded, the actuators achieve and maintain a 
velocity within 10% of the commanded value. The observed repeatability provides 
confidence that all of the commanded injections are comparable. Experiments were 
repeated a minimum of four times at each condition. The experiments were randomized 
within each pair of orifices and experiments were performed on multiple days to reduce 





Figure 4.4. Commanded velocity and actual injection velocity for three experiments. 
4.1.1.4 Ignition Results 
As described in the previous section, all experiments were inspected and classified 
as ignition or non-ignition cases. A minimum of four experiments were performed at each 
condition and the percentage of cases that ignited (ignition probability) was calculated for 
each condition. The ignition probability (IP) is divided into three regions; greater than 80% 
is classified as a “good ignition” condition, between 40% and 80% is a transition region 
and below 40% is a “failed ignition” condition. Conditions with high ignition probability 
but observed RSS are indicated with a filled green square. Figure 4.5 shows the ignition 





Figure 4.5. Ignition probability shown on the test condition graph. 
As described by equations 4.4 and 4.5, the sheet radius was determined as a function 
of time and non-dimensionalized by the fuel orifice radius. We analyzed all experiments 
performed and averaged the results for each test condition to achieve an average non-
dimensionalized spray sheet radius time history. The resulting growth rates correlate well 
with Semenov’s thermal ignition theory as shown in Figure 4.6 and Figure 4.7. At each 
mass flow rate the cases with the largest sheet growth rates fail to ignite. In these cases 
there is not enough time for mixing and chemical reactions to generate sufficient heat to 
bring the reacting mixture up to some critical temperature. In addition, as the sheet grows 
faster the heat losses are more significant. As the growth rate decreases, the ignition 
probability increases. Ignition becomes repeatable once the growth rate decreases to a 
certain value. At these conditions there is enough time for the propellants to mix and react 
prior to the thermal mass becoming so large that ignition is not possible. At each mass flow 
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rate the ignition probability decreases with increasing sheet growth rate as shown in 
Figure 4.6. The intermediate ignition probability cases prevent determination of a definite 
critical sheet growth rate as a function of mass flow rate but a trend is evident. Based on 
these results, a maximum sheet growth rate of 2.75-5.5 s-1 is required to achieve ignition. 
In addition to the growth rate threshold, the jet residence time, defined in Eq. 2.5, also 
influences the ignition probability. As jet residence time increases the ignition probability 
also increases as shown in Figure 4.7. Again, the residence time threshold appears to show 
some mass flow rate dependence but quantifying that dependence would require more 
experimentation. Based on the current results the minimum residence time to achieve 
ignition is 0.2-0.4 ms. 
 





Figure 4.7. Residence time vs. mass flow rate showing ignition probability. 
The coupling of the non-dimensionalized sheet growth rate and residence time was 
also investigated. A power law relationship exists between the sheet growth rate and the 
residence time as shown in Figure 4.8 and the expression, 
 . 4.6 
Given a residence time, Eq. 4.6 allows for prediction of the non-dimensionalized sheet 
growth rate and therefore time history of the non-dimensionalized spray sheet radius. 
Unlike the residence time parameter which is a ratio of orifice diameter to jet velocity, the 
jet Reynolds number is a product of those two parameters and provides another useful 
parameter to study the sheet growth rate trend. The jet Reynolds number relationship lacks 
a clear transition from ignition to non-ignition as shown in Figure 4.9. Nonetheless and 
similarly to Eq. 4.6, a power law relationship can be defined between the non-
dimensionalized sheet growth rate and the Reynolds number, 
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 . 4.7 
These predictions are limited to the current system and propellant combination but provide 
a tool for injector design and guidelines for injection conditions to achieve ignition. This 
work also may be extended to provide validation data for computational modeling efforts 
focused on MMH/RFNA spray ignition. 
 
Figure 4.8. Non-dimensionalized sheet growth rate as a function of residence time 




Figure 4.9. Non-dimensionalized sheet growth rate as a function of Reynolds number 
showing ignition probability and a power law curve fit. 
4.1.1.5 Application of Thermal Ignition Theory 
The observed trend in the sheet growth rate data as a function of residence time can 
be used to analytically study the temperature rise of the reacting system. The sheet radius 
as a function of time increases linearly as observed experimentally according to, 
 . 4.8 
The sheet thickness is approximately 10% of the sheet radius during the time period of 
interest simplifying the calculations of heat generation and loss. The sheet thickness 
combined with the sheet radius drives the heat loss rate which is a function of convective 





where  is the convective heat transfer coefficient,  is the ambient temperature,  is the 
reaction zone temperature, and  is the Stefan-Boltzmann Constant. Radiative heat losses 
are small compared to convective heat losses and could be ignored in the model. The heat 
loss area is assumed to be the surface of an ellipse of the sheet radius and thickness. This 
analysis is applicable during the early stages of spray development when the propellants 
are localized near the impingement point and increasing in temperature from ambient to a 
critical temperature, . The injection velocities, in the range of 2 to 50 m/s in the present 
study, motivated the assumption of forced convection between the spray and the ambient 
gas and thus influenced the selected magnitude of . 
The heat generation rate was determined according to, 
 , 4.10 
where  is the reaction zone density based on the mixture properties,  is the heat of 
reaction, and  is the reaction rate. The heat generation volume was also assumed to be an 
ellipse based on the spray sheet size while the propellants are near the impingement point. 
The temperature dependent reaction rate was assumed to follow a typical Arrhenius form, 
 , 4.11 
where  is the pre-exponential factor,  is the activation energy and  is the universal gas 
constant. The heat of reaction and pre-exponential factor are both free constants in this 
analysis so they will be lumped together for simplicity. Research by Smith et al. provided 
some initial estimates for the activation energy for the MMH/RFNA reacting system [38].  
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The reaction zone temperature starts at the ambient temperature and increases as a 
function of the heat generation and heat loss terms as well as the reacting mass and mixture 
specific heat (O/F weighted average of the  values for MMH and RFNA), 
 . 4.12 
Recent measurements by Wang et al. indicate that the gas phase kinetics begin to dominate 
at approximately 560 K for MMH reacting with 90% HNO3 [14]. Computational models 
by Sardeshmukh et al. has identified an auto-ignition threshold for gas phase MMH/RFNA 
of approximately 700 K [19]. Based on these observations we have selected 650 K as the 
critical temperature to achieve ignition. The time required to reach the critical temperature, 
, was calculated based on the equations above and the parameters included in Table 4.3. 
The model calibration is addressed below. The results are included in the figures below. 
Table 4.3. Parameters for calculated MMH/RFNA sheet heat generation and loss terms. 
Term Value 
 298 K 
 650 K 
 120 W/m2-K 
 5.67x10-8 W/m2-K4 
 2150 J/kg-K 
 26000 J/mol 
 8.314 J/mol-K 
 1287 kg/m3 
 1.1 x 109 J/kg-s 
 
A sensitivity analysis showed that the critical time is most sensitive to the 
convective heat transfer coefficient, the product , and the activation energy. The 
convective heat transfer coefficient was selected based on the injection velocities used in 
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this study. Strong coupling between the  term and the activation energy results in a 
set of values which all fit the experimental data well. Since the model is intended to resolve 
the ignition/non-ignition transition, the analysis was calibrated to a select point in the 
intermediate ignition probability region (  = 1.07 mm,  = 25 g/s). The experimental 
residence time for this point was 0.27 ms and the calculated critical times are shown in 
Figure 4.6. The thick black line in Figure 4.10 indicates the contour corresponding to a 
calculated critical time of 0.27 ms which means that the calculated critical time and 
experimental residence time are equal. Any point along this contour indicates a set of 
 and activation energy values that may be appropriate for the model. The reported 
activation energy from Smith et al. was selected to allow us to choose a single value for 
the product  along the 0.27 ms contour. 
 
Figure 4.10. Sensitivity of critical time to the product Q*C and activation energy for an 
intermediate ignition probability condition (Thick black line indicates experimental 
residence time of 0.27 ms). 
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The time, ,  required to reach the critical temperature was calculated for each 
of the experimental conditions and plotted against the total mass flow rate in Figure 4.11. 
While convenient, these two dimensional parameters do not fully describe the physical 
process occurring in the simulation since the time during which the two propellant streams 
are being mixed is not taken into account. This results in ignition and non-ignition points 
overlapping at all of the mass flow rates. Taking the ratio of the experimental residence 
time to the calculated critical time as shown in Figure 4.12 provides a more complete 
picture of the reaction processes.  
Since the model was calibrated to an intermediate ignition case we have effectively 
forced the transition between ignition and non-ignition to occur around a ratio of one. The 
critical assumption for this model is that the propellants are only guaranteed to mix, react, 
and increase in temperature over the course of the residence time defined in Eq. 2.5 (while 
they are in the mixing region). The high ignition probability points have residence times 
that are longer than the calculated critical time. In this scenario, the propellants have 
enough time to reach the critical temperature for gas phase reactions to take over while still 
in the mixing region. The transition points all lie around the ratio of one and low ignition 
probability points are all below one. This means that the propellant is leaving the mixing 
region prior to reaching the critical temperature for the gas phase reactions to carry the 
mixture to ignition.  
The critical times can also be plotted against the non-dimensionalized sheet radius 
growth rate as shown in Figure 4.13 to compare with the experimental trend from Eq.4.6. 
The reported model parameters may provide an approximation of the condensed phase 




Figure 4.11. Calculated critical time as a function of non-dimensional mass flow rate 
indicating experimental ignition probability. 
 
Figure 4.12. Ratio of experimental residence time to calculated critical time as a function 





Figure 4.13. Experimental non-dimensional sheet growth rate as a function of calculated 
critical time with comparison to experimental residence time. 
4.1.1.6 Reactive Stream Separation 
As described by Lawver et al. for hydrazine/NTO there are injection conditions that 
cause separation of the oxidizer and fuel during hypergolic propellant impingement [6]. 
Stream separation was also achieved in the present study with MMH/RFNA. Images from 
the 10 and 25 g/s injection conditions for the  = 1.32 mm case are shown in Figure 4.14 






Figure 4.14. Images of test conditions showing mixing and RSS cases, a) =1.32 mm, 
=25 g/s, b) =1.32 mm, =10 g/s. 
The low carbon content of MMH causes the flame to be very faint in these images 
but it is recognizable by a glow engulfing the spray sheet in Figure 4.14a and between the 
two streams in Figure 4.14b. In these images the oxidizer is being injected from left to right 
and the fuel from right to left.  
Reactive stream separation was observed at the 10 g/s condition for the 
 = 1.12 mm and  = 1.32 mm cases. Not all experiments at these conditions resulted in 
RSS indicating that these conditions may be near the transition conditions. The 
corresponding residence times were 0.72 ms and 1.12 ms respectively for the RSS 
conditions. The average ignition delays for these conditions were approximately 7.4 ms 
and 6.1 ms respectively. In contrast to the results reported by Lawver et al. for 
hydrazine/NTO, the critical ratio  for RSS is not unity but closer to 6 to 10 for 
MMH/RFNA. This implies slower physical or chemical processes are dominating the 
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ignition of MMH/RFNA compared to hydrazine/NTO. The lower vapor pressure of RFNA 
likely is a major contributor to the higher ratio, since a portion of heat production is lost to 
raising the RFNA to its boiling point. 
The results from the IJ apparatus make it clear that complicated and couple physical 
and chemical processes govern the ignition of MMH and RFNA. One of the challenges 
with this propellant combination is the volatility of the N2O4 in the RFNA. To alleviate this 
challenge the remainder of this research is focused on reaction with pure and diluted nitric 
acid. One of the downfalls of attempting to measure reaction rates or reaction times in an 
IJ system is the relatively low mixing rate. The experiments in the next section are an 
attempt to eliminate that downfall and gain more insight into the processes occurring during 
the reaction of MMH with nitric acid. 
4.2 Forced Mixing Experiments 
The HBR has a wide range of parameters, which can be varied, held constant, or 
measured. The independent variable of interest in the initial study performed with the 
system was fuel concentration. The dependent variables of interest were chamber pressure 
(low and high frequency) and chamber temperature. The oxidizer concentration, oxidizer 
quantity and driving nitrogen pressure were all controlled and the initial chamber 
atmosphere was air at atmospheric pressure. Other variables such as propellant temperature 
and initial chamber temperature should be constant throughout testing and were monitored 
but not controlled. System characterization experiments were also performed but not 
included in this discussion, those results are included in Ref. [114]. 
All reactive propellant experiments described in this section were performed with 
pure RFNA as the oxidizer. The oxidizer quantity was 1 ml for the all of the experiments 
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performed. As mentioned previously, dilution of the fuel was the main focus for reactive 
experiments in this study. MMH concentrations were 20, 40, 60, 80 and 100 wt.% with the 
balance being deionized water. Ten grams of each concentration was prepared in an inert 
nitrogen environment and the solution was thoroughly mixed prior to use. The propellant 
volumes for each experiment were constant at 1 ml of fuel (MMH + H2O) and 1 ml of 
oxidizer (RFNA). The results of this investigation are shown in Figure 4.15. Time zero is 
the point at which the measured fuel injector driving pressure exceeded 30 psia allowing 
for synchronization between different experiments. At MMH concentrations 80 wt.% or 
higher the chamber pressure behavior is initially very similar for all experiments. Some 
deviation occurs at later times, greater than 20 ms, which is to be expected based on the 
stochastic nature of hypergolic combustion. The results for the second 100% MMH 
experiment are actually similar to the 80% MMH experiment in both final pressure and 
temperature potentially indicating the amount of propellant that was left unreacted. 
a) b) 
Figure 4.15. Synchronized results for a) chamber pressure and b) and chamber 
temperature for varied MMH concentration experiments. 
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The most interesting conditions are the 60% MMH and lower concentrations as 
shown in Figure 4.16. The two 60% MMH experiments show an induction time of ~10 ms 
followed by a very rapid reaction (~2 to 3 ms). We suspect that this second reaction is 
dominated by the gas phase ignition of the liquid phase reaction products. At both 20% and 
40% MMH this second reaction never occurs but the pressurization rate does increase with 
concentration as shown in Figure 4.16. 
 
Figure 4.16. Comparison of chamber pressure rise for 20, 40 and 60% MMH 
experiments. 
The results for MMH concentrations of 80% and higher indicate similar high 
pressurization rates as shown in Figure 4.17. The slope of the second rise for the 60% 
MMH conditions is approximately twice as high as the pressurization rate for the 80% and 
higher cases. We suspect that the dominant reactions occurring in both of these cases are 
the likely to be gas phase reactions rather than the liquid phase reactions we are trying to 
focus on. There is no induction time present in these 80% and higher concentrations 





Figure 4.17. Initial chamber pressurization rate for varied MMH percentage. 
The pressurization rate results indicated that two distinct reaction regimes existed 
for the MMH/nitric acid reaction. If we assume that the pressurization rate in the chamber 
is an indicator of the reaction rate in the gas phase then we can gain some insight into the 
kinetic parameters for the gas phase reaction. The natural logarithm of the results were 
plotted and fit with a linear function to provide an estimate of the reaction order with 
respect to MMH. The slope of the linear fit shown in Figure 4.18 is 2.04 indicating a gas 
primarily gas phase reaction that is second order with respect to MMH. There are still 
influences from the condensed phase reactions present in these results as indicated by the 
induction time on the 40 wt.% MMH results. These results motivated the investigation into 





Figure 4.18. MMH reaction order plot based on pressurization rate for the global reaction 
between MMH and nitric acid in the HBR. 
The peak pressures recorded for all MMH concentrations are below the theoretical 
peak pressure based on constant volume calculations as shown in Figure 4.19. There are 
two potential causes for this discrepancy. The first potential explanation results from heat 
losses to the combustion chamber during reaction. Since the interior of the chamber is bare 
stainless steel and at the start of an experiment the chamber is at approximately room 
temperature, heat transferred to the walls would lower the gas temperature and pressure. 
However, assuming free convection to the chamber walls the heat transfer to the chamber 
accounts for less than 1% of the theoretical total reaction energy during the estimated 30 ms 
injection duration. The second potential, and most likely, cause for the lower peak pressure 
is incomplete reaction of the propellants. We are completely injecting the propellants in 
approximately 30 ms and forcing them to mix in a mixing cup but the chemical reactions 
and gas generation that occur may prevent the mixing from being ideal. Non-ideal mixing 
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combined with potential liquid phase cooling on the chamber walls may account for the 
reduction in observed peak pressure. 
 
Figure 4.19. Comparison of theoretical chamber pressure and experimental peak 
pressures for varied MMH concentration. 
The HBR is an experimental system that has a great deal of potential. The results 
presented in this document are the product of a lengthy design and validation campaign 
that will be covered in the appendix of this document with the hopes that a future researcher 
will be able to make more use of the system. Similar to the IJ system, the HBR is limited 
to the assumption that condensed and gas phase physical and chemical processes are 
occurring simultaneously. The observation of reduced reaction rates at lower 
concentrations motivated the investigation of the reaction between diluted propellants to 
focus only on the condensed phase reactions. 
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4.3 FTIR Spectral Measurement 
4.3.1 FT-IR Spectra of Propellant Mixtures 
4.3.1.1 Deionized Water 
The water used throughout this study was deionized (DI) water purchased from 
Sigma Aldrich (Part number 38796). This water source was selected to provide a consistent 
and repeatable source of water throughout the research effort. An on-site deionized water 
manufacturing facility provide high quality DI water but potential day to day variations 
could have caused undesired changes in the measured spectra. Ultra-pure water available 
from the Birck Nanotechnology center on Purdue campus was also considered part of the 
way through the research effort. This ultra-pure water would be an ideal choice in the future 
but it was not used in this effort to maintain a single source of DI water. 
One of the challenges associated with kinetics measurements is the influence of the 
temperature of the reacting system. In the case of the experiments performed in this work 
the effect of temperature on the water spectrum may introduce complications during data 
analysis. The spectrum of water as a function of temperature is shown in Figure 4.20. The 
feature at 686 cm-1 is due to the L1 libration (molecular rocking) of the water molecule. 
The feature at 1635 cm-1 is attributed to the v2 bending mode of the water molecule. The 
broad absorption feature centered around 3270 cm-1, attributed to the v1 symmetric 
stretching mode of the water molecule, changes shape and position as a function of 
temperature. This shape change has major implications for the analysis of exothermic 
chemical reactions where the temperature of the water present in the sample will be 
increasing. The spectral subtraction method involves the subtraction of the water spectrum 
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at a specific temperature from the sample spectrum; therefore as the reaction proceeds the 
spectral subtraction may become less accurate. 
 
a) b) 
Figure 4.20. Full absorption spectrum of DI water (a) and more detailed plot in the 
3300 cm-1 region (b) as a function of temperature. 
4.3.1.2 Monomethylhydrazine 
The experiments performed throughout this research effort focus on dilutions of 
MMH and HNO3. The IR absorbance increases as the concentration of a mixture 
component increases according to Beers law [81]. As long as dissociation or reaction do 
not occur the spectral features should all be present and scale with concentration. A spectral 
library at various sample concentrations is required to determine quantitative results when 
examining reacting mixtures. 
Samples of MMH were prepared at concentrations ranging from 0.1 to 40 wt.%. 
The balance was DI water for all of the solutions in this research effort. The FTIR 
spectrometer was configured to average eight measurements at 2 cm-1 resolution for the 
background and sample spectra. The built in diamond ATR correction was applied to all 
111 
 
of the spectra to correct for depth of penetration variation as a function of wavenumber. A 
spectrum of pure DI water was recorded for spectral subtraction before taking the 
propellant dilution measurements. The sample spectra for all of the dilution levels are 
included in Figure 4.21 . The spectrum of water is still present in these measurements and 
is clearly identified by the large features at 3270 cm-1 and 1635 cm-1. The water spectrum 
was scaled by the fraction of water present in the sample and subtracted from the sample 
spectra. The spectra of the various dilutions of MMH with the water spectrum subtracted 
are included in Figure 4.22. The influence of the water spectrum is still present in certain 
regions of the samples. The region around the large 3270 cm-1 feature shows some 
derivative peaks. The MMH may be interacting with the DI water on a molecular level 
indicating some hydrogen bonding between MMH and the water molecules. This process 




Figure 4.21. MMH spectra for varying levels of dilution with DI water. 
 
Figure 4.22. Diluted MMH spectra with the water spectrum subtracted. 
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The peaks present in Figure 4.22 should be primarily caused by the vibrations of 
the MMH molecule. These peaks were discussed in detail in the background section of this 
document. As the concentration of MMH increases more molecules are present to vibrate 
and absorb the IR radiation. According to Beer’s law the relationship between absorbance 
intensity and concentration should be linear [80, 81]. The MMH dilutions adhere to Beer’s 
law very well as shown in Figure 4.23. The quantitative calibration fit parameters for each 
peak observed in the MMH dilutions are included in Table 4.4. These fit parameters allow 
for the determination of MMH concentration in a mixture of DI water and MMH with an 
unknown concentration according to, 
 . 4.13 
The MMH wt.% is calculated based on the measured absorbance, Abs, at a wavenumber, 
X, from Table 4.4 and the slope and intercept values at that same wavenumber. 
 













840 671.53 0.08 0.999 
1015 815.03 0.58 0.999 
1099 906.86 0.16 1.000 
1137 1522.92 -0.13 1.000 
1213 1273.33 -0.14 0.999 
1312 2179.59 -0.56 0.999 
1415 2397.80 -1.34 0.997 
1449 968.07 0.26 0.999 
1479 1391.49 -0.44 0.999 
1616 1074.76 -0.59 1.000 
1676 1446.08 -2.26 0.990 
2797 377.95 -1.66 0.981 
2955 219.24 -1.58 0.988 
2984 231.15 -1.89 0.983 
3275 591.65 -0.63 0.997 
3325 574.72 -0.83 0.997 
 
4.3.1.3 Nitric Acid 
As with the MMH/DI water system, dilutions of HNO3 in DI water were prepared 
with concentrations ranging from 0.1 to 50 wt.%. The measurements were taken using the 
same settings and procedure described for the MMH dilutions and the results are shown in 
Figure 4.24. Again, the feature from water at 3270 cm-1 appears to be shifting position 
slightly as concentration increases. Unlike the MMH measurements, the HNO3 dilutions 
do show changes in shape and intensity at the 1635 cm-1 wavenumber feature from water. 
These effects are more apparent after the spectra subtraction of water as shown in 
Figure 4.25. Inspection of the subtracted spectra shows that some peaks are present at 
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higher concentrations and absent at lower concentrations. The 10 wt.% and 50 wt.% spectra 
are included in Figure 4.26 with the observed peaks labeled. The region around the 
3270cm-1 spectral peak of water is not included in Figure 4.26 to make the differences in 
spectral features as concentration increases more apparent. The 10 wt.% spectrum is 
missing six of the peaks that are present on the 50 wt.% spectrum. The work by Yang et al., 
Querry et al. and Hogfeldt et al. is in agreement with our observations in this work [92-94]. 
The spectra acquired here indicate that there are more spectral peaks present than those 
reported by previous researchers. This could be due to increased resolution and instrument 
sensitivity available in modern equipment. 
 




Figure 4.25. Diluted nitric acid spectra with the water spectrum subtracted. 
 
Figure 4.26. FTIR spectra for 10 and 50 wt.% ntric acid with peaks labeled. 
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Many of the peaks reported in Table 4.5 are also present in the Raman results of 
McGraw et al. reported in the background section [90]. The peak at 689.4 cm-1 is likely the 
v6 NO’ stretch mode. The 778.1 cm-1 band is likely the NO2 out of plane bending v8 mode. 
The 945.9 cm-1 peak corresponds with the ONO angle deformation v5 mode. The 
1290.1 cm-1 peak corresponds to the NO symmetric stretching v4 mode. The 1406.8 cm-1 
peak is close to the HON bending v3 mode. The 1662.3 cm-1 corresponds to the NO 
asymmetric stretch v2 mode and the 3567.7 cm-1 feature is close enough to be considered 
the HO stretch v1 mode. The ONO’ angle bend v7 mode and the HO torsion v9 modes are 
not detectable in the measured spectra. The remaining peaks in Table 4.5 are likely caused 
by dissociated NO3- or nitric acid monohydrate or trihydrate present in solution.  
The nitric acid dilutions do not follow Beer’s law as well as the MMH dilutions. 
The effects of dissociation and formation of nitric acid hydrates both influence the 
quantitative fit quality. The fit parameters are included in Table 4.5. The intercept is the 
weight percentage of sample at zero absorbance. For the MMH dilutions these values were 
as much as 2.26 wt.% away from the theoretical value of zero. Intercepts for the nitric acid 
dilutions are as much as 3.89 wt.% away from zero in both the positive and negative 
directions. The fit quality indicated by R2 is also significantly lower than the fit quality for 
the MMH samples.  
118 
 








689.4 576.65 1.13 0.996 
778.1 503.26 2.07 0.991 
822.5 438.53 1.95 0.995 
945.9 282.41 3.89 0.978 
1035.6 288.40 1.03 0.996 
1290.1 150.46 0.41 0.992 
1406.8 216.25 -4.04 0.964 
1622.8 300.39 -1.04 0.998 
1624 300.56 -1.05 0.998 
1662.3 312.54 0.39 0.999 
1739.5 297.69 -1.60 0.984 
1975.7 391.57 -2.81 0.988 
2158.9 376.32 -2.52 0.988 
2736.5 324.72 -2.59 0.977 
2894.6 308.82 -3.85 0.952 
3567.7 500.60 -3.44 0.981 
 
Quantitative results for MMH and HNO3 dilutions do not currently exist in the 
literature. The measurements taken during this research effort provide a great deal of 
information that is useful for the analysis of reaction rates between these two chemicals. In 
addition, the measurements have applications to the contamination of well-known solvents 
(including environmental water sources) by MMH and nitric acid.  
4.3.2 FTIR Spectra Condensed Phase Reactions 
4.3.2.1 Stirred Reactor Final Products 
The stirred reactor experiments aimed at providing a better understanding of the 
purely condensed phase reactions between MMH and nitric acid. Mixtures of four different 
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concentrations of MMH and nitric acid were prepared to aid in identification of the final 
products. The two dilutions were mixed in equal quantity in a small glass vial and allowed 
to react and come to equilibrium over 24 hours. The samples did not produce any visible 
solid reaction product or gas phase products during mixing indicating that the reactions 
remained in the condensed phase. 
The samples were analyzed with the FTIR spectrometer by taking the average of 
eight scans at 2 cm-1 resolution. The spectrum of water was removed from the samples by 
spectral subtraction (scaled by fraction of water present) and the resulting spectra for the 
four samples are included in Figure 4.27. The same spectral features are present in all of 
the mixtures indicating that the reactions are progressing to the same extent regardless of 




Figure 4.27. Final product spectra for mixtures of 10, 20, 30, and 40 wt.% propellant 
mixtures. 
The spectral peak at ~1635 cm-1 and broad feature at ~680 cm-1 indicate that 
subtracting the fraction of water initially present in the mixture may not be sufficient. The 
reaction is suspected to generate condensed phase water and the results from the dilution 
mixtures support that theory. The mixture of 30 wt.% MMH and nitric acid will be used as 
an example of the effect of water on the measured spectrum. The features associated with 
DI water at 3270, 1635 and 680 cm-1 are all present in the spectrum without subtraction in 
Figure 4.28. The water spectrum was subtracted after being scaled by 0.7 representing the 
fraction of water present in the initial mixture but the three main peaks are still present in 
the “-0.7*H2O” spectrum of Figure 4.28. The persistence of the water bands indicates that 
additional water was likely generated by the chemical reaction between MMH and nitric 
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acid. Subtracting an additional 20% of the water spectra eliminates those peaks as shown 
in the “-0.9*H2O” spectrum in Figure 4.28. This indicates that the reaction is producing 
~20% additional water as a final product assuming that the molecule follows Beer’s Law. 
Subtracting an extra 5%, 12.5%, 20% and 25% of the pure water spectra from the 10, 20, 
30 and 40 wt.% dilution mixtures yields spectra absent of water absorbance as shown in 
Figure 4.29. This observation provides some indication of the final concentration of water 
resulting from the reaction of MMH and nitric acid. 
 
Figure 4.28. Final products of a mixture of 30 wt.% MMH and 30 wt.% HNO3 with 






Figure 4.29. Final products of MMH/nitric acid reaction with water generated by the 
reaction subtracted. 
The observed spectral peaks labeled in Figure 4.29 are listed in Table 4.6. If the 
spectral peak is also present in the reactant spectra then it is indicated in Table 4.6. The 
published spectral results discussed in the background section provide some insight into 
what species may have been produced during the reaction. Each peak labeled in Figure 4.29 
is also attributed to a products species if possible. The majority of the observed peaks 
indicate that MMH-nitrate is present in the final products based on good agreement with 
the work of Lawton et al. and Wang et al. [14, 102]. Methyl-nitrate also may be present but 
the peaks overlap with the MMH-nitrate peaks. One peak also shows up in the spectrum 




Table 4.6. List of spectral peaks observed in the final product resulting from reaction 
between diluted MMH and diluted nitric acid. 
Wavenumber 





828 MMH-nitrate N N 
1007 MMH-nitrate, Methyl-nitrate N N 
1099 MMH, MMH-nitrate Y N 
1219 MMH-nitrate N N 
1333 MMH-nitrate N N 
1618 MMH, MMH-nitrate, Methyl-nitrite, Methylamine, Nitric Acid Y Y 
2551 MMH-nitrate N N 
2800 MMH, MMH-nitrate Y N 
2899 Nitric Acid N Y 
 
The spectra of the initial reactants and final products are all included in Figure 4.30. 
The observed peaks in the final product spectra that coincide with the MMH and nitric acid 
spectra are noted in Table 4.6. A few of the peaks from the MMH and nitric acid spectra 
are present in the final product spectrum. These could be unreacted molecules of each 
reactant still present in the sample but that is unlikely since one should be consumed 
completely during the reaction. It is therefore more likely that these are product species 






Figure 4.30. Comparison of spectra for 30 wt.% MMH, 30 wt.% HNO3, and the final 
products from a mixture of the two dilutions with the water spectrum subtracted. 
4.3.2.2 Rapid Scan Drop on Drop Experiments 
The crystal of the FTIR ATR system provides an ideal location to perform an 
experiment similar to the drop on pool experiments intended for hypergolic ignition delay 
measurement. In this case a pool of diluted fuel or oxidizer is positioned on the ATR crystal 
and a single drop of the other reactant falls into it. The FTIR is configured to acquire spectra 
at ~27 Hz and acquisition starts prior to the droplet mixing with the pool. The experimental 
configuration is described in more detail in the previous chapter. These experiments are 
quick to perform but yield a large amount of data that is time consuming to convert and 
analyze. In the current work over 250 of these drop on pool experiments have been 
conducted. The experimental conditions are outlined in Table 4.7. 
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The time resolved results from the drop on pool experiments are content rich but 
challenging to portray in a static image. An example surface plot of the results from a drop 
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on pool experiment is shown in Figure 4.31. A plot showing the first and last spectrum of 
a rapid scan experiment, as shown in Figure 4.32, helps to identify wavenumbers for time 
resolved investigation. The noise at ~2200 cm-1 is due to both the strong absorbance by the 
diamond crystal but also by over driving the current detector in the Cary 680 system. The 
data noise caused by overdriving the detector and not averaging scans is even more 
apparent in Figure 4.32 highlighting the need to upgrade the detector in the future. 
 
Figure 4.31. Absorbance as a function of wavenumber and time using the rapid scan 
technique for an experiment reacting a pool of 30 wt.% MMH and a drop of 30 wt.% 
nitric acid at 10°C. 
The features centered around 3270 cm-1 highlight the challenges associated with 
water subtraction for this reacting system. As time increases the negative peak caused by 
water subtraction at 3250 cm-1 shifts down to ~3222 cm-1. The exothermic reaction is 
suspected to be heating the water and shifting the spectral peak around 3300 cm-1 to higher 
wavenumbers but lower intensity as shown in Figure 4.20. The water spectrum used for 
subtraction is taken at initial reaction temperature so as the reacting spectrum shifts the 
subtraction becomes less accurate. Since we cannot currently be confident that we can 
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separate the effect of temperature change from the effect of chemical reactions the results 
in the 3300 cm-1 region are not included in the rest of the discussion. 
 
Figure 4.32. Initial and final spectra for a rapid scan experiment reacting a pool of 
30 wt.% MMH and a drop of 30 wt.% nitric acid at 10°C. 
A set of wavenumbers of interest can be defined from inspection of the initial and 
final spectra. These wavenumbers are selected to be unique to the diluted MMH, diluted 
nitric acid or final product with as little overlap as possible. Since the wavenumbers do not 
overlap we are able to observe the destruction of the initial reactants and the generation of 
the final products. The time resolved absorbance for reaction between 20 wt.% MMH and 
20 wt.% nitric acid at 10°C is shown in Figure 4.33. The disappearance of the MMH peak 
at 840 cm-1 and the appearance of the MMH-nitrate peak at 1338 cm-1 occur nearly 
simultaneously. The three other peaks of interest start to change after a delay of 0.2-0.7 
seconds. These peaks are suspected to be MMH-nitrate, methyl-nitrate or methyl nitrite. In 
contrast to the 10°C experiment, an experiment at 50°C is shown in Figure 4.34. The small 
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differences in the onset of absorbance change have become almost negligible at the 
elevated temperature. Similar plots were generated for every run at each experimental 
condition described in Table 4.7. Those plots will be omitted for the rest of the results 
section for brevity and instead the more important trends will be discussed. 
 
Figure 4.33. Time resolved absorbance at five characteristic wavenumbers for the 




Figure 4.34. Time resolved absorbance at five characteristic wavenumbers for the 
reaction between 20 wt.% MMH and 20 wt.% nitric acid at 50°C. 
4.3.2.3 Reaction Order Measurements 
Fundamental background on chemical reaction rates states that the rate of a reaction 
may be dependent on the concentration of the reactants. This dependence is illustrated by 
an exponent on the reactant concentration term known as the reaction order. Evaluating the 
reaction order requires measuring the extent of the reaction as a function of time while 
varying the concentration of one of the reactants. We are able to use the results from the 
drop on pool measurements to track reaction progress since the concentration of a species 
is directly proportional to the measured absorbance in the IR. As the reaction progresses 
certain spectral peaks decay while others grow and the rate at which this occurs should be 
representative of the reaction rate. 
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The reaction rate equation, Eq. 2.16, can be rearranged so that the natural logarithm 
of the reaction rate as a function of the natural logarithm of the concentration will give a 
linear trend with a slope of the reaction order. The quantitative calibrations for MMH and 
nitric acid that were measured and reported in a previous section allow for evaluation of 
quantitative rates of change of MMH and nitric acid. The published spectra from previous 
researchers have allowed us to identify wavelengths that may correspond to species of 
interest. Unfortunately, without a quantitative calibration data set we are unable evaluate 
quantitative reaction rates for these species of interest. 
Experiments performed to evaluate the reaction order of MMH involved placing 
four drops of a certain concentration of nitric acid onto the ATR crystal. A single drop of 
various MMH concentrations was then dropped into the pool of diluted nitric acid. This 
configuration ensured that MMH and not nitric acid was the rate limiting reactant. The 
spectra acquired initially are of only the diluted nitric acid on the crystal. The spectra begin 
to change once the drop of MMH is added and the chemical reactions start to occur. The 
rate of change of the spectra gives an estimate of the reaction rate of the system at that 
MMH concentration. Experiments performed to measure the reaction order of nitric acid 
were performed using the same procedure but the MMH and nitric acid locations were 
swapped so that nitric acid was the rate limiting reactant. 
The 1624 cm-1 spectral peak was selected to track the concentration of nitric acid 
in the mixture. This peak is not present in the MMH spectrum but eventually is present in 
the final product spectra. Ideally the nitric acid tracking peak would not be present in the 
final product spectra. The challenge is that the overall baseline absorbance increase caused 
by nitric acid hydrates makes selection of a unique nitric acid spectral feature almost 
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impossible. The 1624 cm-1 peak absorbance had a strong linear correlation with nitric acid 
concentration making it one of the best peaks to investigate. An example trend for nitric 
acid concentration as a function of time during a drop on pool experiment is shown in 
Figure 4.35. The initial linear decrease in concentration is used to determine the reaction 
rate as indicated by the dashed red line. The increasing trend after the initial decrease is 
suspected to be caused by the formation of intermediate species that also absorb at 
1624 cm-1 such as MMH-nitrate or methyl-nitrate. 
 
 
Figure 4.35. Nitric acid concentration as a function of time for an experiment reacting 
20 wt.% nitric acid with 20 wt.% MMH. 
The trend with varied MMH drop concentration at two different nitric acid pool 
concentrations is shown in Figure 4.36. At least four experiments were performed at each 
condition. If any anomalies were noted (side droplet impact, injection of two droplets, etc.) 
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while performing the experiments that data point was noted and removed from the results. 
The average of the experiments at each condition is indicated as a larger bold marker. 
 
Figure 4.36. Reaction order of MMH including linear fits indicating zeroth order trend. 
The slope of the linear trend between the natural logarithm of the rate of change of 
the nitric acid wt.% and the natural logarithm of the MMH concentration is the reaction 
order with respect to MMH. These slopes are indicated by the solid lines in Figure 4.36. 
The measured slopes are 0.127 and 0.048 for the 20 and 30 wt.% nitric acid experiments. 
These measurements indicate that the reaction is zeroth order with respect to MMH.  
The spectral peak at 840 cm-1 is present in the MMH spectrum but not in the nitric 
acid or product spectrum as shown in Figure 4.30 and Table 4.6. By observing this spectral 
peak as a function of time the MMH concentration was determined using the quantitative 
fit described previously. The results for an example experiment reacting a pool of 20 wt.% 
MMH with a droplet of 20 wt.% nitric acid are shown in Figure 4.37. The linear decrease 
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in concentration was measured for all experimental conditions to determine the rate of 
change of MMH concentration. 
 
Figure 4.37. MMH concentration as a function of time for an experiment reacting 
20 wt.% MMH with 20 wt.% nitric acid. 
Similar to the MMH reaction order experiments, at least four acceptable 
experiments were performed at each condition. The results for reactions with two different 
MMH concentrations are included in Figure 4.38. The larger bold symbols indicate the 




Figure 4.38. Reaction order of nitric acid including linear fits indicating first order. 
The trend between the natural logarithm of MMH concentration rate of change and 
the natural logarithm of the nitric acid concentration has a slope of 0.65 for the 20 wt.% 
MMH experiments and 1.1 for the 40 wt.% MMH experiments. Since traditional reaction 
models use integer values to indicate zeroth, first or second order reactions. The two 
measurements of reaction order with respect to nitric acid would both be considered to 
indicate first order reaction. 
The measured reaction orders with respect to MMH and nitric acid can be 
incorporated into the global reaction equation as, 
 . 4.14 
The global reaction between MMH and nitric acid is first order based on the measurements 
in this work. The rate constant, k, will be addressed in the next section but the units will be 
1/wt.%-s since the reaction is first order. 
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The reactions between MMH and nitric acid produce a number of products. The 
most likely of these products are MMH-nitrate, methyl nitrate, and methyl azide. As 
discussed in the background section, the work of previous researchers has identified peaks 
in the IR region for all of these species. In the current work we attempted to evaluate the 
reaction order of the peak at 1338 cm-1 with respect to MMH and nitric acid concentration. 
As discussed previously, this peak may be MMH-nitrate or methyl-nitrate but it is certainly 
a product of the MMH/nitric acid reaction. Without quantitative data sets for these 
molecules as a function of concentration we are limited to defining an absorbance rate 
based reaction order. 
The results for the rate of change of the 1338 cm-1 peak with respect to MMH is 
shown in Figure 4.39 and with respect to nitric acid is shown in Figure 4.40. The linear 
slopes as a function of MMH concentration are -0.319 and -0.204 for the 20 and 30 wt.% 
nitric acid experiments respectively. These values again indicate a zeroth order with respect 
to MMH. The slopes for the 20 and 40 wt.% MMH experiments are 0.65 and 1.16 
respectively indicating a first order reaction with respect to nitric acid. Both of these 
measurements are in agreement with the MMH and RFNA concentration based reaction 
orders. The agreement suggests that the product generation rate is affected by varied 




Figure 4.39. Rate of change of absorbance at 1338 cm-1 as a function of MMH 
concentration for various HNO3 concentrations. 
 
Figure 4.40. Rate of change of absorbance at 1338 cm-1 as a function of HNO3 
concentration for various MMH concentrations.  
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4.3.2.4 Activation Energy and Frequency Factor Measurements 
The Arrhenius form of the reaction rate equation indicates that the reaction rate 
constant is a primarily a function of absolute temperature (Kelvin). The temperature 
conditioning system described in the experimental apparatus section was used to condition 
the propellant and ATR crystal temperature. By varying the temperature of the reaction we 
were able to evaluate the condensed phase reaction rates as a function of temperature.  
The spectral peak at 840 cm-1 was again used to track the concentration of MMH 
as a function of time at various reaction temperatures. The quantitative calibration for 
MMH was applied to the measured spectra to convert from absorbance to MMH 
concentration. The rate of change of MMH concentration was calculated for temperatures 
ranging from 283 to 323 Kelvin. The results are shown in Figure 4.41, where the natural 
log of the MMH concentration rate of change was plotted as a function of the inverse 
temperature. 
 
Figure 4.41. Results for the temperature conditioned reaction between 30 wt.% MMH 
and 30 wt.% HNO3. 
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The activation energy and frequency factor can be determined based on the 
temperature conditioned reaction results shown in Figure 4.41. The solid black line 
indicates a linear fit of the data. The slope of this line corresponds to the activation energy 
divided by the universal gas constant. The intercept of the linear fit corresponds to the 
natural log of the activation energy. Applying the exponential function to the natural log 
of the frequency factor gives the actual frequency factor. The units for the frequency factor 
depend on the total reaction order which was measured to be first order overall. The 
calculated activation energy for the global condensed phase reaction between MMH and 
nitric acid is 1.805E4 J/mol with a frequency factor of 3.157E4 1/wt.%-s (142.25 1/mol-s). 
The activation energy observed here is of the same order of magnitude as that reported by 
Smith et al. for reactions between hydrazine and RFNA [38]. The activation energy used 
by Voskuilen et al. for the reaction between MMH and RFNA is about one third of the 
value measured here but our frequency factor is lower by a factor of 1012. These differences 
may be due to the lack of N2O4 in the reaction but could also indicate that we are observing 
a portion of the full condensed phase reaction. 
The activation energy and frequency factor measurements provide the last 
necessary pieces of information for the global reaction rate equation. The values can be 
combined with the reaction order results to provide the rate equation, 
 . 4.15 
The units of the final rate are 1/s and the MMH and nitric acid concentrations must be in 
wt.% for this rate equation to be accurate. Molar concentrations can be used if the 
frequency factor is replaced by the 142.25 1/molar-s. This rate law has direct applicability 
139 
 
to the condensed phase reactions occurring during MMH and nitric acid reactions and is a 
major accomplishment from the current research effort. 
The kinetic parameters were also evaluated at 1338 and 1624 cm-1. Unfortunately, 
not enough is known about the species present to define what may be absorbing at these 
wavenumbers. Quantitative calculations cannot be performed without knowledge of the 
species present and a calibration data set. The results for 1338 and 1624 cm-1 are included 
as Figure 4.42 and Figure 4.43. The activation energy for these reactions can still be 
measured since the absorbance as a function of concentration should be a linear trend if we 
assume that the species follow Beer’s law. The activation energy is less useful to report 
since it will have units of 1/absorbance-s which has little physical meaning. The activation 
energy is 2.796x104 J/mol based on the 1338 cm-1 peak and 2.791x104 J/mol based on the 
1624 cm-1 peak. Frequency factors are 1.944x104 1/absorbance-s based on the 1338 cm-1 
peak and 3.881x103 1/absorbance-s based on the 1624 cm-1 peak. The frequency factor has 





Figure 4.42. Natural log of rate of change of absorbance at 1338 cm-1 as a function of 
inverse temperature for 30 wt.% MMH reacting with 30 wt.% HNO3. 
 
Figure 4.43. Natural log of rate of change of absorbance at 1624 cm-1 as a function of 
inverse temperature for 30 wt.% MMH reacting with 30 wt.% HNO3. 
4.3.3 Flow Through Experiments 
The experimental conditions for the steady state flow through experiments are 
included in Table 4.8. The 10 wt.% reactants were investigated at three different 
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temperatures and a range of mixing times. The temperature ranged from the lowest 
achievable steady state temperature of 7°C up to approximately room temperature of 21°C. 
The 30 wt.% reactants were not studied as a function of temperature due to time constraints. 
Mixing tube length was held constant at 5 cm for all of the conditions in Table 4.8. The 
observed reaction times from the rapid scan experiments drove the selection of the mixed 
tube length for the steady state measurements. The volumetric flow rates of 0.1 to 10 
ml/min provided a range of reaction times that were expected to encompass the reaction 
behavior observed in the rapid scan experiments. The wavenumber resolution was set at 
2 cm-1 for the flow through experiments which is higher than the rapid scan experiments. 
In addition, since the measurement volume is at steady state, multiple scans (16 scans in 
the current work) can be averaged to eliminate noise in the final spectrum. 
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FT-7-10-10-0.25 0.25 14.43 
FT-7-10-10-0.5 0.5 7.22 
FT-7-10-10-1.0 1.0 3.61 
FT-7-10-10-2.5 2.5 1.44 
FT-7-10-10-5.0 5.0 0.72 




FT-10-10-10-0.5 0.5 7.22 
FT-10-10-10-1.0 1.0 3.61 




FT-21-10-10-0.5 0.5 7.22 
FT-21-10-10-1.0 1.0 3.61 





FT-20-30-30-0.25 0.25 14.43 
FT-20-30-30-0.5 0.5 7.22 
FT-20-30-30-1.0 1.0 3.61 
FT-20-30-30-2.5 2.5 1.44 
FT-20-30-30-5.0 5.0 0.72 
FT-20-30-30-7.5 7.5 0.48 
FT-20-30-30-10 10 0.36 
 
The results for the 10 wt.% flow through experiments are included in Figure 4.44. 
Small spectral features are present throughout these spectra. The majority of the 10 wt.% 
flow through experiments exhibit an increase in peak intensities followed by a decrease as 
the mixing time increases. This was also observed in the rapid scan experiments as shown 
in Figure 4.31 but was suspected to be an indication of poor mixing between the two 
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droplets on the crystal. The forced mixing of the flow through experiment demonstrates 
that the observed peak and decay trend is likely indicative of intermediate species being 
formed and then destroyed within ~10 seconds. After the initial rapid change there appears 
to be continued reaction and eventually the spectra trend back toward the baseline. There 
still appears to be noise in the measured spectra at certain mixing times. The variation from 
the peak and decay trend may be an indication that a steady state reaction was not achieved 








Figure 4.44. Flow through experimental results for 10 wt.% MMH reacting with 10 wt.% 
nitric acid at various temperatures. 
The results obtained at 10°C are shown in Figure 4.45 with the observed peaks 
labeled. The peaks labeled in bold can be attributed to species identified in the work by 
Wang et al. [14]. Those peaks are discussed in more detail in the following paragraphs. 
Another method of presenting the same data involves using the spectrum with the shortest 
































































subtracted from the spectra of the longer mixing times. This method, shown in Figure 4.46, 
makes the differences as time goes forward more apparent. 
 
Figure 4.45. 10°C steady state flow through experimental results for 10 wt.% MMH 








Figure 4.46. Difference in absorbance from first spectrum for flow through experiments 
for 10 wt.% MMH reacting with 10 wt.% nitric acid at all temperatures. 
A few peaks appear consistently in the 10 wt.% flow through experiment results. 
The differences in absorbance results for the 21°C condition are shown again in Figure 4.47 
with the peaks labeled. As time increases from 2.17 to 5.78 seconds, the intensity of the 
labeled peaks grows. When the time reaches 34.64 seconds the labeled peaks have returned 
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during the condensed phase reactions but identifying what all of the peaks may be is 
challenging given the unknown nature of the reactions.  
As mentioned previously, Wang et al. identified a number of gas/vapor phase 
species [14]. Comparison between their gas/vapor phase results and condensed phase 
absorbance peaks has limitations but it does provide confidence that the results are 
promising. The peak at 1383 cm-1 was attributed by Wang et al. to MMH nitrate formed 
from the neutralization of MMH by the nitric acid. This is observed as a shoulder feature 
on the 1324 cm-1 peak in Figure 4.47. The feature at 759 cm-1 was attributed by Wang et al. 
to methyl nitrate (CH3ONO2) formed by further oxidation of MMH nitrate and is close to 
the observed peak at 763 cm-1. The peak at 1324 cm-1 is in the range of the shifting peaks 
at 1290 cm-1 and 1406 cm-1 in the nitric acid dilutions and may be a feature from nitric acid 
hydrate. The lower concentrations of nitric acid show more spectral features of nitric acid 
hydrates. As the concentration of nitric acid is reduced by reaction with MMH the nitric 
acid may shift towards a higher dissociation level. This peak also could indicate another 





Figure 4.47. Absorbance difference for 10°C flow though experiment for 10 wt.% MMH 
reacting with 10 wt.% nitric acid with peaks labeled. 
The experiments performed with 10 wt.% MMH and nitric acid at reduced 
temperatures reacted slowly enough that the system was able to resolve the initial reactions. 
To increase the reaction rate of the system the both reactant concentrations were increased 
to 30 wt.%. The temperature was set at 20°C to reduce the impact of reactant and reaction 
zone temperature by maintaining closer to ambient conditions. Thermocouples were 
incorporated into the propellant flow lines for these experiments allowing us to track the 
reactant temperatures as a function of flow length. The measured temperatures are included 
in Table 4.9. The fuel and oxidizer temperature are within 1°C of the target temperature. 
The ATR crystal plate temperature starts at temperature but begins to heat up as the reacting 
propellants continue to pass over it.  
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Table 4.9. Measured temperatures during steady state flow through experiments with 
30 wt.% reactants at 20°C. 









FT-20-30-30-0.1 20.6 20.9 27.6 23.1 20.6 
FT-20-30-30-0.25 20.0 20.6 31.0 26.2 21.3 
FT-20-30-30-0.5 20.1 20.7 38.6 28.8 21.3 
FT-20-30-30-1.0 19.7 20.4 37.8 32.9 21.8 
FT-20-30-30-2.5 19.3 20.0 28.8 43.3 23.5 
FT-20-30-30-5.0 19.1 19.8 27.2 47.5 23.6 
FT-20-30-30-7.5 19.0 19.7 21.6 50.9 23.5 
FT-20-30-30-10 19.1 19.7 22.5 52.3 23.9 
 
The mixing point thermocouple is the most interesting result from these 
measurements. The reactants are mixing in a tee fitting with the thermocouple positioned 
at the point of impingement. As the flow rate increases from 0.1 ml/min to 0.5 ml/min the 
mixing point temperature increases but from 0.5 ml/min to 10 ml/min the mixing point 
temperature decreases as shown in Figure 4.48. The peak and decay trend of the mixing 
point temperature could be the same trend that was observed for the lowed temperature and 
concentration experiments described above. This observation indicates that the reaction 
has already progressed beyond the intermediate species growth stage prior to passing over 
the ATR crystal. This observation is further supported by measurements from the exit 
thermocouple located on the waste line of the flow through attachment. As the flow rate is 
increased the mixture temperature increases, as shown in Figure 4.48, indicating that the 
point of maximum heat release is moving downstream as the flow rate increases. If the 
flow rate continued to increase beyond 10 ml/min we expect that the exit temperature 
would decrease at some flow rate. At that flow rate the fastest reacting propellant would 
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have moved past the flow through attachment and the peak and decay behavior would be 
able to be resolved by the FTIR measurements. 
 
Figure 4.48. Mixing point and exit temperatures for steady state flow through 
experiments with 30 wt.% MMH and nitric acid at 20°C. 
 
The FTIR measurements of the 30 wt.% MMH/nitric acid reactions support the 
theory that the reaction is already slowing down prior to entering the flow through 
attachment as shown in Figure 4.49. The spectrum from the shortest mixing time already 
shows a strong 1329 cm-1 peak which may be due to additional nitric acid hydrate forming 
due to the decrease in nitric acid concentration from reaction. This peak may also be from 
an intermediate that is exhibiting NO symmetric stretching from methyl nitrate or methyl 
nitrite or HON bending modes from condensed HONO or other product from nitric acid 
[115]. As the mixing time increases (decreasing flow rate) the peak decays slowly. The 
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baseline shift suspected to be caused by the presence of nitric acid hydrates also decays 
with increasing mixing time.  
 
Figure 4.49. Steady state flow through results for 30 wt.% MMH/nitric acid at 20°C. 
The spectral changes from the shortest mixing time spectrum were also investigated 
following the same procedure as the 10 wt.% result analysis above. The results, shown in 
Figure 4.50, show the same trends that were observed in Figure 4.49. A broad increase in 
absorbance at ~3270 cm-1 is likely due to the change in temperature for the water in the 
mixture. Based on previous measurements of the mixed samples of 30 wt.% MMH/nitric 
acid, an additional 15% of the water spectrum was removed from the sample spectra to 
account for the extra water generated by the reaction. If the increased absorbance at 
3270 cm-1 is not due to temperature shifts of the water spectrum then it is likely due to 
formation of species which possess OH groups that are undergoing symmetric stretching. 
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The remaining peaks are all in the negative direction indicating that the absorbing species 
are all decreasing in concentration. 
 
Figure 4.50. Spectral changes for steady state flow through experiments with 30 wt.% 





Figure 4.51. Final spectrum with peaks labeled for the steady state flow through 
experiment with 30 wt.% MMH/nitric acid at 20°C. 
 
4.4 Ultraviolet and Visible Spectroscopy of Gas Phase Reactions 
4.4.1 Hypertester Measurements 
The planned measurements on the Hypertester with the streak camera system were 
not able to be completed prior to submission of this document. Initial experiments with 
triethylamine-borane and nitric acid were performed to validate the experimental technique. 
The system outputs a time and wavelength resolved data file which is included in Figure 
4.52. The oxidizer droplet impacts the fuel crucible at ~2 ms and ignition is observed at 
~5 ms. The spectral peaks at ~10 ms shown in Figure 4.53 are indicative of boron 
combustion but additional work is required to identify the emitting species. The time 
resolved spectral intensity can also be extracted from the streak camera results as shown in 
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Figure 4.54. The streak camera is a very capable system that will be utilized more fully in 
the future. 
 
Figure 4.52. Results for a 30 ms sweep during a drop test experiment between 
triethylamine-borane and WFNA. 
 
Figure 4.53. Spectrum of the triethylamine-borane/WFNA combustion process measured 




Figure 4.54. Time resolved intensity at ~535 nm of the triethylamine-borane/WFNA 




CHAPTER 5. CONCLUSIONS 
The reactions between monomethylhydrazine (MMH) and both red fuming nitric 
acid (RFNA) and various concentrations of dilute nitric acid were investigated with three 
distinct experimental techniques. The results from these three techniques are discussed in 
the following sections. Important trends and results from each system are highlighted and 
discussed. Significant contributions to the knowledge base for hypergolic propellant 
reactions stemming from the combination of the three experimental techniques are also 
discussed. Finally, future work is proposed to extend this research and improve the quality 
of future research. 
5.1 Impinging Jet Experiment Conclusions 
Through analysis of the results presented in the previous section we are able to 
identify a critical residence time for MMH/RFNA ignition in the current impinging jet 
apparatus. A minimum residence time of approximately 0.2-0.4 ms provides repeatable 
ignition. In addition, a critical non-dimensional sheet growth rate of 2.75-5.5 s-1 was 
identified. We also observed slight dependence of these critical parameters on total 
propellant mass flow rate. Trends were established for non-dimensional sheet growth rate 
as a function of residence time and fuel jet Reynolds number. These trends allow for 
prediction of spray sheet size for a similar impinging jet system and may prove useful for 
modeling and validation effort.
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The cases of reactive stream separation observed at long residence times are 
indicative of the rapid condensed phase reaction rates for MMH/RFNA. There must be a 
minimum residence time required for condensed phase chemical reactions to generate 
sufficient heat in the reaction zone to vaporize the propellants and create gas phase products. 
Achieving a better understanding of the condensed phase reactions that are occurring and 
the rates at which they occur is a main motivation for the other parts of this research effort.  
The thermal ignition model developed during this work provides an estimate for 
the reaction rates required to reach the critical temperature during the residence time. This 
is a multi-step and multi-phase reaction that is simplified to a single Arrhenius reaction rate 
law. Calibrating the model to experimental points in the intermediate ignition region 
provided kinetic parameters for the global reaction rate law, 
 
. 5.1 
This rate law is mostly applicable to the impinging jet apparatus but has extended 
applicability for cases with similar mixing and spray properties.  
5.2 Forced Mixing Experiments 
The hypergolic bomb reactor (HBR) was developed to overcome the slow mixing 
times associated with systems such as the IJ apparatus. The system was shown to be capable 
of simultaneous injection of 1 ml of reactive propellants in 20-30 ms. Experiments with 
MMH and RFNA resulted in measured peak pressures significantly lower than the ideal 
theoretical case. We primarily attribute this discrepancy to incomplete mixing and reaction 
of the liquid propellants caused by vigorous gas phase reactions and propellant contact with 
cool chamber walls. 
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The results from this research effort prove that gas phase reactions between MMH 
and nitric acid can be suppressed by dilution with deionized water. This is a key result since 
it allows for the further investigation of the purely condensed phase reactions with the FTIR 
system. The HBR pressurization rates as a function of MMH concentration indicate a 
second order reaction with respect to MMH for the coupled condensed and gas phase 
reactions between MMH and nitric acid. 
5.3 FTIR Spectroscopy  
5.3.1 Condensed Phase MMH and Nitric Acid 
The IR spectra of mixtures of both MMH and nitric acid with deionized water were 
analyzed to provide quantitative calibration data. These results allow the concentration an 
unknown sample of MMH or nitric acid in water to be identified. The effect of dissociation 
on the spectrum of nitric acid was also observed and the influence on the measured results 
was discussed. The quantitative calibration results presented here are not currently 
available in the literature and provide useful information to the community. 
5.3.2 Condensed Phase MMH/Nitric Acid Reactions 
The reaction between diluted MMH and nitric acid was thoroughly investigated 
with FTIR spectroscopy. When dilute MMH and nitric acid are mixed together chemical 
reactions occur and final products are formed. These final products were shown to contain 
IR absorbance peaks that indicate the presence of MMH-nitrate and methyl-nitrate. 
Methyl-nitrite and methanolamine were potentially observed but overlapping peaks make 
final identification challenging. Based on the results we can conclude that MMH-nitrate 
and methyl-nitrate are likely condensed phase reaction products. This conclusion agrees 
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well with the gas phase results of previous researchers and provides the community with 
more knowledge to identify potential condensed phase chemical pathways. 
The most important conclusions from the current work are the kinetic parameters 
for the global condensed phase reaction rate equation for MMH and nitric acid. The 
reaction was shown to be zeroth order with respect to MMH and first order with respect to 
nitric acid. In addition, the same reaction orders were determined when investigating the 
growth of a spectral peak that is likely caused by MMH-nitrate or methyl nitrate. The 
agreement between the reaction order based on the reactants and products indicates that the 
generation of MMH-nitrate or methyl-nitrate is likely from the same reaction that is 
destroying the MMH and nitric acid. In contrast, the measurements from the HBR indicate 
a coupled liquid and gas phase reaction that is second order with respect to MMH. This 
observation suggests that the gas phase reactions are much more sensitive to MMH 
concentration than the condensed phase reactions. The measured activation energy and 
frequency factor complete the global condensed phase reaction rate equation,  
 . 5.2 
The reaction rate equation from the condensed phase investigation, Eq. 5.2, has a 
frequency factor that is of the order of 104. If the nitric acid concentration is set at 100 wt.% 
then the frequency is two orders of magnitude larger at 106. The theoretical heat of 
combustion for MMH/RFNA is ~8E6 J/kg based on liquid reactions and 1.18E7 J/kg based 
on NASA CEA. Substituting either of these values in Eq. 5.1 shows that the frequency 
factor is of the order 102. The frequency factor in the rate equation determined from the IJ 
critical ignition results, Eq. 5.1, is four orders of magnitude smaller than the condensed 
phase frequency factor. This difference is indicative of higher collisional frequency that is 
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inherent in the purely condensed phase reaction, as well as the very rapid reaction rates that 
occur in the condensed phase. Unlike the frequency factor, the activation energy from 
Eq. 5.2 is of the same order of magnitude as that of Eq. 5.1. 
5.3.3 Early Stage Gas Phase Reactions 
We are still hoping to provide some results prior to dissertation submission pending 
delivery of the required delay generator. 
5.4 Contributions to Knowledge Base 
The research presented in this document provides a major contribution to the 
understanding of the hypergolic ignition process for MMH and RFNA. A thermal model 
that predicts ignition or non-ignition based on spray parameters in an impinging jet 
apparatus is a useful tool for computational modeling and validation. The global condensed 
phase reaction rate law for MMH and nitric acid has never been evaluated by researchers. 
The results presented here expand a knowledge base that has been essentially stagnant for 
the past 40 years and provides a methodology for future investigations. 
5.5 Future Work 
5.5.1 Forced Mixing Experiments 
The HBR is a system with a great deal of capability but there was not time during 
this research effort to fully explore the experimental possibilities. The system provides a 
well-mixed quantity of reactant and allows the reaction to happen in a closed volume. 
Additional experiments to investigate the details of the coupled condensed and gas phase 
reaction occurring between MMH and nitric acid would provide another strong 
contribution to the community. This would require temperature conditioning of the 
propellants and reactor but could provide useful results. 
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The HBR was designed from the start with spectroscopy in mind. The closed 
volume combustion event provides a thoroughly mixed quantity of reacting mixture to 
observe with spectroscopy. The final change to the HBR is the installation of fused silica 
windows which have already been purchased. The windows were manufactured by 
Machined Glass Specialists from Corning 7980 fused silica, which has optical transmission 
spanning the UV to near IR. The window holders were designed to be threaded to interface 
with a 74-UV collimator sold by Ocean Optics. This will allow for emission spectroscopy 
with the streak camera system at three locations in the chamber. The addition of a 
broadband UV-Vis light source would allow absorption spectroscopy to also be performed.  
The system does have some drawbacks in the current configuration. The current 
estimate of the piston actuation time is approximately 20 ms. This actuation time is 
significantly longer than the ignition delay for the propellants of interest and an injection 
time less than 5 ms is desired. To address this issue, helium could be used instead of 
nitrogen for valve actuation. A burst disk system could also be investigated if helium does 
not provide enough actuation time improvement. 
5.5.2 FTIR Spectroscopy 
The current flow through system provides good contact with the ATR crystal but 
also has a significant amount of wasted space. The extra space allows propellant to 
recirculate and likely contributes significant noise to the steady state measurement. Many 
researchers have studied micro-calorimetry and laboratory on chip type devices. A reactor 
similar to the one developed (but never published on) by Thynell at Penn State could 
provide more intimate contact between the reacted propellant and the ATR crystal. Higher 
162 
 
propellant flow rates or shorting mixing lengths would allow for observation of the reaction 
starting at closer to time zero.  
The Cary 680 system also needs to be upgraded with a liquid nitrogen cooled MCT 
detector to take full advantage of the rapid scan technique. The results presented in this 
document were limited to 27 Hz repetition rate but the system is capable of up to 110 Hz. 
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   Gelled Propellants Laboratory    
   Procedures    
   Hypergolic Bomb Reactor Procedures - RFNA and MMH Testing    
   22-Jun-13    
       
 Test Requirements: Tests will be performed only during normal business hours; at minimum, two 
students trained and authorized to work by Steve Son or Timothee Pourpoint must be present for all 
tests;  all safety equipment must be present before tests begin.  Extraneous personnel should be cleared 
of lab/control room areas prior to running a test sequence. Check that positive pressure suits are ready 
for use. 
 SECTION 0: EMERGENCY 
 IN CASE OF LEAK, FIRE, OR OTHER INCIDENT       





Regardless of the incident severity, the appropriate personnel from the predetermined list 
posted in the GPL control room above the phone will be notified by phone of the incident 
and will provide guidance for further action. 
Timothée Pourpoint: 765-463-1615 
Steven Son: 765-337-8204 
Scott Meyer: 765-426-8095       
 IF IT IS DETERMINED A SPILL CANNOT BE SAFELY CLEANED       
0.002  TC1 and TC2 
If it is possible to perform safely, clear any flammable material away from fire or spill and 
evacuate the lab       
 IF IT IS DETERMINED A SPILL CAN BE SAFELY CLEANED       
0.003  TCI and TC2 Evaluate the likelihood of exposure and put on positive pressure hoods if necessary       
0.004  TC1 and TC2 
Place the portable ventilation duct directly over the spill taking care to keep your head 
away from the material       
0.005 
 TC1 and 
TC2 
Dilute spilled material with copious amounts of water and wipe up with disposable rags 
(Kimwipes, Shoptowels, etc.)  ----- KEEP VENTILATION DUCT AS CLOSE TO SPILL AS 
PHYSICALLY POSSIBLE       
0.006  TC1 and TC2 
When cleanup is complete place the contaminated items in a 5 gallon bucket filled with 
water in a fume hood and follow the standard disposal procedures       
 1. Preparation 
1.000  TC2 Gather all necessary cameras with appropriate lenses and tripods (high speed Phantom, IR, UV)       
1.001  TC1, TC2 Remove clutter from the oxidizer and main fume hoods.       
 Prepare the DAQ and nitrogen systems 
1.002  TC1 If DAQ computer is on, shut it down completely.       
1.003  TC1 Turn on SCXI chassis, PXI chassis, valve and transducer power       
1.004  TC1 Turn DAQ computer on.       
1.005  TC1 Ensure all pressure to/from the nitrogen panel is vented       
1.006  TC1 Verify MR-N2-01 is unloaded (turned completely counterclockwise and handle is loose)       
1.007  TC1 Verify MR-N2-02 is unloaded (turned completely counterclockwise and handle is loose)       




Verify that MV-N2-01 and MV-N2-03 are closed and that MV-N2-07 is oriented towards the down 




Open the MV-N2-00 and verify at least 3500 psi is available, if not bring pressure up on tube 
trailer at high pressure       




Assemble the fuel and oxidizer injectors and pistons according to Part 2 of the 
HBR_assembly.docx       
 Gather items 






Place the following items in the N2 drybox: 
500 ml beaker 
1 clean and nitrogen dried 100 microliter syringe with sharp needle 
1 septa vial and zip-top bag to fit vial labelled appropriately 
2 pastic pipettes 
0.5" square of PTFE tape in a dish 
Fuel injector with piston assembled and installed 
Injector rod 




Place the following items in the oxidizer fume hood: 
1 L beaker half full of water 
1 clean and nitrogen dried 100 microliter syringe with sharp needle 
1 septa vial and zip-top bag to fit vial labelled appropriately 
long stem glass pipette and plastic pipetter 
0.5" square of PTFE tape in a dish 
Oxidizer injector with piston assembled and installed 
Injector rod 
PTFE injector cap       




Verify that the test stand is properly configured according to Part 1 of the current version of 
HBR_assembly.docx       
1.016  TC1 Install PT, TC and KT sensor cables to the test stand.       




Position the 45 degree mirror below the chamber, position the lighting and position/focus the 




Set the appropriate frame rate and exposure settings on the camera and verify that the camera 




Verify that the camera triggers when the camera test button is set to on (hold button down and 
watch for camera trigger, if camera does not trigger until releasing the camera test button verify 




Mark the locations of the camera tripod legs on the floor and move the tripod out of the way to 
allow for injector installation.       




Verify that PT-N2-01, PT-N2-02, PT-N2-PRES, PT-N2-FU, PT-N2-OX, PT-CH-01, TC-CH-01 are 
reading correctly and that the Kulites are showing approximately 0.5 volts       
1.021  TC1 Cycle valve SV-N2-02        
1.022  TC1 Verify SV-N2-02 is closed (you can hear it close)       
1.023  TC1 Cycle valve SV-N2-03       
1.024  TC1 Verify SV-N2-03 is closed (you can hear it close)       
1.025  TC1 Cycle valve SV-N2-VENT       
1.026  TC1 Verify SV-N2-VENT is closed (you can hear it close)       
1.027  TC1 Cycle valve PV-N2-PRES       
1.028  TC1 Verify PV-N2-PRES is closed (Indicator perpendicular to flow path)       
1.029  TC1 Cycle valve PV-N2-PURGE       
1.030  TC1 Verify PV-N2-PURGE is closed (you can hear it close)       
1.031  TC1 Cycle valve PV-VAC       
1.032  TC1 Verify PV-VAC is closed (you can hear it close)       
1.023  TC1 Load MR-N2-00 to 400 psi       
1.024  TC1/TC2 Load MR-N2-01 (Valve actuation) to 130 psi and verify the reading on the VI       
1.025  TC1/TC2 Load MR-N2-02 (Nitrogen Purge) to 100 psi and verify the reading on the VI       




Turn on MMH and NO2 analyzers and verify the PPM level on the DAQ system. Position the end of 
the sensors near the combustion chamber.       
2.001  TC1, TC2 Attach a non-expired, non-exposed MMH dosimeter badge to each lab coverall being used       
2.002  TC1, TC2 If new dosimeter badges are opened, date and initial each badge       
2.003  TC1, TC2 Attach a properly calibrated personal NO2 detector to each test conductor       




Put on proper PPE for propellant transfer including: over-boots, safety glasses, face shield, purple 
nitrile gloves, chemical resistant over-gloves, Tyvek coveralls, and arm protectors       
2.006  TC1, TC2 Verify that positive pressure hoods are available in control room        
 3. Load MMH into Fuel Injector 
 Fill the N2 box with N2 
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Open the nitogen valve on the large fumehood to begin filling the box (the flow rate can be high 
initially to expedite the purging process)       
3.002  TC1 Turn on the O2 sensor       
3.003  TC1 Wait until the O2 level decreases to 0.1 % before opening the MMH bottle       




Open the MMH bottle while inside the nitrogen box and fill the septa vial with 15 ml of MMH for 
loading injector       
3.006  TC1, TC2 Verify MMH looks like water. If MMH looks murky or opaque, do not use and refer to section 8.       




Take caution to not bump the injector piston rod on any surface to avoid accidental injection of 




Use injector rod to load nitrogen into the injector from the purge tube. Push all nitogen out and 




Retract injector piston by pulling on injector rod until a syringe can be inserted into the tip of the 
injector body.       
3.010  TC1 Fill the injector with the appropriate amount of MMH (typically 0.5-1 ml)       
3.011  TC1 Push the injector piston up until the fluid level is at the injector body orifice exit       
3.012  TC1 Lay the small piece of teflon pipe tape over the orifice exit and press teflon cap onto injector body       




Inspect injector hardware, fume hood surfaces, and MMH container for visible leaks or spills and 
wipe clean with an Accuwipe. Place used Accuwipes in the empty 1-liter beaker       




Place contaminated items in 1000 mL beaker of water, leave the MMH filled injector in the 
continually purging nitrogen box       
 4. Load RFNA into Oxidizer Injector 




Take caution to not bump the injector piston rod on any surface to avoid accidental injection of 




Fill a septa vial with approximately 10 ml RFNA (TC2 opens RFNA working container and TC1 fills 




Retract injector piston by pulling on intector rod until a syringe can be insterted into the injector 
body.       
4.003  TC1 Fill the injector with the appropriate amount of RFNA (typically 0.5-1 ml)       
4.004    Push the injector piston up until the fluid level is at the injector body orifice exit       
4.005    Lay the small piece of teflon pipe tape over the orifice exit and press teflon cap onto injector body       




Inspect injector hardware, fume hood surfaces, and RFNA container for visible leaks or spills and 
wipe clean with an Accuwipe. Place used Accuwipes in the 1000 ml waste beaker       
 5. Transfer Loaded Injectors to the Test Stand 
 Transfer MMH/RFNA Injector 




  Open PV-PURGE and PV-VENT to purge the combustion chamber with N2 for 30 seconds.       
5.001    Close PV-PURGE and PV-VENT       




Tighten the 6x10-32 bolts in a star pattern with three progressive torque levels finishing at 33 in-




Monitor PPM level on the DAQ system. If PPM levels exceed 1 ppm, close the main fume hood 




Install the straight thread side of the N2 pressurization run tee fitting but do not tighten swivel 




Position run tee fiiting so that the N2 pressurization seal-lok tube ligns up properly and tighten 
the seal-lok nut with an 11/16" wrench       




Attach the appropriate fuel/ox N2 pressure transducer to the N2 pressurization run tee fitting and 
tighten nuts with 11/16" wrench.       
5.008  TC2, TC1 Repeat steps 5.000-5.008 for the RFNA injector       




Re-position high speed camera, turn on lighting and verify focus, frame rate, exposure and trigger 
settings are correct       
5.010  TC1, TC2 Set MR-N2-03 to the desired piston driving pressure.       
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5.011  TC1, TC2 Remove PPE, turn off main lights and exit all personnel from the test cell to the control room       




Under the "DAQ Setup" tab select a recording rate for the low frequency data and a recording 
duration, provide a test name and file path and press "Creat Datafile"       
6.001  TC2 On the "Control" tab, verify that all PT, TC and Kulites are reading properly       
6.002  TC2 Verify correct camera capture frame rate and post trigger setting       
6.003  TC2 Set high speed cameras to capture upon trigger       
6.004  TC2 Verify that PV-PRES and SV-VENT, PV-PURGE and PV-VENT are closed.       




Start test sequence by pressing the "TEST" button. This starts a sequence that unpauses Kulite 
data recording for the test duration starts writing low frequency data to a file, triggers the camera 
and opens PV-PRES.       
 Test Completion 
6.007  TC2 In case of an emergency situation, see Section 9       




Wait for the chamber pressure and temperature to stabilize then open PV-VENT to release the 
chamber pressure.       
6.010  TC2 Purge the chamber with N2 gas by opening PV-PURGE       
6.011  TC1 Verify that PV-PRES is still open and then open SV-VENT to vent the pressuratization tank.       




Fill 1000 mL beaker approximately 75% full of tap water (if using larger items use 5 gallon bucket 
filled with water level necessary to submerge items if possible)       
7.001  TC1 Verify beaker/bucket with contaminated water is inside the cleaning station        
7.002  TC1 Place ALL potentially contaminated items in water filled beaker or bucket to soak overnight under 
a fume hood       
7.003  TC1 After an overnight soak, measure the pH of the contaminated water bath       
7.004  TC1 Turn on faucet in cleaning station       
7.005  TC1 Clean each item individually using steps 7.006 - 7.009       
7.006  TC1 Rinse item thoroughly inside and out with tap water       
7.007  TC1 Scrub all surface areas of the item with cleaning brush       
7.008  TC1 Perform steps 7.006 and 7.007 three times       
7.009  TC1 Place item on drying hook in the cleaning station or dry item using KimWipes or disposable shop 
towels       




If pH of the water is between 6 and 8, dispose of water in beaker (or bucket) in the cleaning 
station sink       
7.012  TC1 Turn off faucet in cleaning station       
7.013  TC1 If pH of water is greater than 8 or less than 6, retain water for further dilution or place in sealed 
storage container to be picked up by REM       




While under the fume hood, load water into the injector and purge several times to rinse and 
dilute any propellant left in the injector       
7.015  TC1 Hold the injector with the orifice tip pointing up and remove the orifice       
7.016  TC1 Rinse the piston bore with water and pour remaining liquid into the 1000 mL beaker of water       
7.017  TC1 Disassemble the rest of the injector and soak each part in DI water overnight       




Additionally, dry all injector parts with nitrogen and store in high density polyethylene bags 
purged with dry nitrogen       
 8. Propellant Purity Compromise 
8.000  TC1 Seal the propellant container       




Document propellant contamination on the sign out sheet. Include which propellant container is 
contaminated.       
8.003  TC1 Request REM to pickup the contaminated propellant       
       
       















Jacob Daniel Dennis 
 
Education 
 B.S., Aerospace Engineering, 2009, Arizona State University, Tempe, Arizona 
 M.S., Aerospace Engineering, 2010, Arizona State University, Tempe, Arizona 
 Ph.D., Aerospace Engineering, 2014, Purdue University, West Lafayette, Indiana 
 
Work Experience 
 Orbital Sciences Corporation Launch Systems Group, Propulsion Intern – 
Chandler, Arizona 
May 2007 – August 2007, May 2008 – August 2008 
 Raytheon Missile Systems – Energetics and Propulsion Intern, Advanced 
Propulsion Lab – Tucson, Arizona 
May 2009 – August 2009 
 Arizona State University – Teaching Assistant – Tempe, Arizona 
Fall 2009 – Spring 2010 
 Purdue University – Research Assistant – West Lafayette, Indiana 
Fall 2010 – Fall 2014 
 
Research Interests 
 Solid, hybrid, and liquid rocket propulsion 
 Hypergolic propellant ignition and combustion 
 Less-toxic alternative hypergolic propellants 










 Peer Reviewed Journal Articles 
- "Rheological Characterization of Monomethylhydrazine Gels," Dennis, J. D., 
Kubal, T. D., Campanella, O., Son, S. F., and Pourpoint, T. L., Journal of 
Propulsion and Power Vol. 29, No. 2, 2013, pp. 313-320. DOI: 10.2514/1.B34611 
- “Critical Ignition Criteria for Monomethylhydrazine and Red Fuming Nitric Acid 
in an Impinging Jet Apparatus,” Dennis, J. D., Son, S. F., and Pourpoint, T. L., 
Journal of Propulsion and Power , In Submission 
- “Amine-boranes: Green Hypergolic Fuels with Consistently Low Ignition Delays,” 
Ramachandran, P. V., Kulkarni, A. S., Pfeil, M. A., Dennis, J. D., Willits, J. D., 
Heister, S. D., Son, S. F., Pourpoint, T. L., Chem. Eur. J.. 
DOI: 10.1002/chem.201405224 
 In Progress: 
- “Comparison of Neat and Gelled MMH/RFNA ignition and combustion in an 
Impinging Jet Apparatus,” Dennis, J. D, Willits, J. D., Son, S. F., and Pourpoint, 
T. L. 
- “A Global Reaction Rate for the Condensed Phase Reactions between MMH and 
RFNA” 
 Conference Proceedings 
- “Time Resolved FT-IR Spectroscopy of Condensed Phase Reactions between 
Monomethylhydrazine and Nitric Acid,” Dennis, J. D., Son, S. F., and Pourpoint, 
T. L., 61st JANNAF Propulsion Meeting, Charleston, South Carolina, May 19-
22, 2014. 
- “Design and Validation of a Bomb Reactor for Liquid Hypergolic Propellants,” 
Dennis, J. D., Son, S. F., and Pourpoint, T. L.,  49th AIAA/ASME/SAE/ASEE 
Joint Propulsion Conference and Exhibit, San Jose, California, July 14-17, 2013, 
AIAA-2013-4018. 
- “Critical Ignition Criteria for Monomethylhydrazine and Red Fuming Nitric Acid 
in an Impinging Jet Apparatus,” Dennis, J. D., Son, S. F., and Pourpoint, T. L.,  
48th AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, Atlanta, 
Georgia, July 30-August 1, 2012, AIAA-2012-4325.  
- “Ignition of Gelled Monomethylhydrazine and Red Fuming Nitric Acid in an 
Impinging Jet Apparatus,” Dennis, J. D., Son, S. F., and Pourpoint, T. L., 47th 
AIAA/ASME/SAE/ASEE Joint Propulsion Conference and Exhibit, San Diego, 
California, July 31-August 3, 2011, AIAA-2011-5706. 
 
